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ABSTRACT 


Collecting  properties  of  fatty  acid-type  collectors 
for  barite  were  extensively  studied  by  employing  various 
kinds  of  experimental  techniques,  such  as  zeta  potential 
measurements,  infrared  spectroscopy  and  flotation  tests. 
Through  these  experiments,  it  was  established  that  there  is 
a  direct  interaction  between  the  collector  hydrocarbon  chain 
and  the  solid  surface.  Infrared  spectroscopic  studies  on 
the  adsorbed  fatty  acids  showed  that  new  carbon-carbon  double 
bonds  are  formed  in  the  first  adsorbed  layer  at  the  expense 
of  methylene  groups.  Association  of  collector  species  on 
the  surface  seems  to  proceed  until  both  the  attractive 
dispersion  forces  among  hydrocarbon  chains  and  the  electro¬ 
static  repulsive  forces  among  the  ionic  collector  heads  are 
balanced  in  the  adsorbed  multilayer.  The  conventional 
collector  adsorption  models,  in  which  the  hydrocarbon  chains 
are  oriented  towards  the  liquid  phase  forming  a  compact 
monolayer  on  the  solid  surface,  is  thereby  refuted  for  fatty 
acid-type  collectors. 

Based  on  the  experimental  results,  a  new  adsorption 
model  for  fatty  acid-type  collectors  is  proposed.  The  new 
model  assumes  that  the  collector  species  are  adsorbed 
parallel  to  the  surface.  This  new  model  provides  a  reason¬ 
able  explanation  regarding  the  characteristic  collecting 
properties  of  fatty  acid-type  collectors. 
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EQUIVALENT  NOTATION  USED  IN  TEXT 


ACS 

American  Chemical  Standard 

C 

Concentration 

D 

Dielectric  constant 

D.C. 

Direct  current 

DD  Water 

Demineralized-distilled  water 

d 

Diameter  of  a  particle 

E 

External  potential 

HX 

Neutral  collector  molecule 

I.R. 

Infrared 

Ka 

Equilibrium  constant 

Kh 

Hydrolysis  constant 

L 

Litre 

LCAO 

Linear  combination  of  atomic  orbitals 

M 

Mole 

ppm 

Part  per  million 

R 

Alkyl  group 

S 

Solid  surface 

S.S.  Rod  Mill 

Stainless  steel  rod  mill 

ve 

Electrophoretic  mobility 

X“ 

Collector  anion 

zpc 

Zero  point  of  charge 

C 

Zeta  potential 

V 

Electric  potential 

Vo 

Surface  potential 

y 

Micron 

n  :  Absolute  viscosity 
t  :  Double  layer  thickness 
v  :  Wave  number 
p  :  Charge  density 


INTRODUCTION 


In  recent  years,  the  benef iciation  of  barite  has 

acquired  increased  attention.  Barite  is  characterized  by 

its  chemical  stability,  high  specific  gravity  (about  4.5) 

and  relatively  low  cost.  Most  of  the  barite  mined  is  used 

as  a  weighting  ingredient  in  oil  well  drilling  muds. 

Barite  is  also  used  as  a  filler  in  paint,  rubber,  linoleum, 

and  in  the  paper  industry. 

Barite  is  produced  in  large  quantities  in  Canada. 

The  principal  Canadian  production  is  from  Walton,  N.S., 

which  is  reported  to  contain  a  large  reserve.  Two  deposits 

are  also  worked  at  Parson  and  Brisco,  B.C.,  and  barite  is 

recovered  from  old  mine  tailings  at  Spillimacheen,  B.C. 

Occurrences  are  known  in  other  parts  of  Canada.  Canadian 

production  in  1970  was  about  240,000  tons  valued  at  $2.1 
(30) 

million. 

The  benef iciation  of  barite  is  usually  done  by 
gravity  separation  methods.  Gravity  separation  however  has 
proven  to  be  unable  to  produce  a  high  grade  of  barite  con¬ 
centrate  with  a  reasonable  recovery.  Therefore,  in  recent 
years,  consideration  is  given  to  the  benef iciation  of  barite 
by  flotation. 

In  practical  flotation  systems,  minerals  are  classi- 

(25) 

fied  according  to  their  flotation  properties  as  follows: 

a.  Sulphides  of  Heavy  Metals  and  Native  Metals  - 
This  group  contains  minerals  of  copper,  lead,  zinc,  mercury, 
antimony  and  others.  Xanthates  (dithiocarbonates)  are  the 


’ 


_ 


lip 
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most  effective  collectors  for  the  flotation  of  these 
minerals . 

b.  Non-polar,  Non-metallic  Minerals  -  Graphite, 
sulphur,  coal  and  talc  belong  to  this  group.  Flotation 
concentration  of  these  minerals  requires  utilization  of 
extremely  weak  collectors  and  sometimes  only  frothers. 

c.  Oxidized  Minerals  of  Non-ferrous  Metals  - 
Carbonates  and  sulfates  of  copper,  lead,  and  zinc  (cerus- 
site,  anglesite,  smithsonite,  malachite,  azurite,  wulfenite, 
etc.).  Minerals  of  this  group  can  be  floated  by  xanthate 
collectors  after  their  sulphidization .  These  minerals  can 
also  be  floated  by  fatty  acids  and  their  soaps. 

d.  Polar  Suit-type  Minerals  which  Contain  Cations 
of  Calcium,  Magnesium,  Barium  and  Strontium  -  Minerals  in 
this  group  are  scheelite,  apatite,  phosphorite,  fluorite, 
calcite,  barite,  magnesite,  dolomite,  etc.  These  minerals 
are  easily  floated  with  anionic  collectors  such  as  fatty 
acids . 

e.  Oxides,  Silicates  and  Aluminosilicates  -  The 
following  minerals  belong  to  this  group:  silica,  corundum, 
diaspore,  gibbsite,  zircon,  rutile,  hematite,  magnesite, 
cassiterite,  ilmenite,  feldspars,  mica,  asbestos,  tourmaline 
and  kaolinite.  A  large  number  of  minerals  of  this  group 
possess  good  flotability  when  either  anionic  or  cationic 
collectors  are  used.  However,  the  flotability  of  many  of 
these  minerals  with  anionic  collectors  is  directly  related 
to  the  presence  of  activating  cations  in  their  surfaces  and. 


. 
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depending  on  the  concentration  of  the  latter,  the  flotabi- 
lity  varies  within  wide  limits  for  the  same  mineral. 

f.  Soluble  Salts  of  Alkali  and  Alkaline  Earth 
Metals  -  minerals  of  this  class,  amenable  to  flotation  are 
halite,  sylvite,  langbeinite,  kyanite,  etc.  These  salts  can 
be  floated  in  their  saturated  solution  either  by  means  of 
fatty  acids  or  collectors  of  the  cationic  type. 

Separation  among  minerals  which  belong  to  different 
groups  can  be  done  easily  by  flotation  in  most  of  the  cases. 
However,  difficulties  are  encountered  where  separation  is 
required  among  minerals  of  the  same  group.  Selective  flota¬ 
tion  among  commonly  associated  sulfide  minerals  is  better 
established  than  for  the  salt-type  minerals  and  the  silicates. 
The  flotability  of  these  kinds  of  non-sulfide  minerals  is 
affected  by  many  factors,  such  as  crystal  structure,  presence 
of  impurities,  and  origin.  Knowledge  of  the  basic 

mechanism  of  adsorption  of  collectors  on  different  mineral 
surfaces,  therefore,  is  essential  to  understand  the  charac¬ 
teristic  flotation  behavior  of  minerals. 

Fatty  acids  are  the  most  widely  used  collectors  for 
non-sulfide  mineral  flotation.  Under  proper  conditions, 
these  collectors  have  the  tendency  to  float  nearly  all 
minerals.  In  the  past,  fatty  acid  collectors  were  even  used 
for  sulfide  mineral  flotation  before  more  effective  collec¬ 
tors,  such  as  xanthates  and  dithiophosphates ,  were  discovered 
in  1925.  In  fact,  the  first  commercial  application  of  flo¬ 
tation  in  North  America  at  Basin,  Montana  in  1911,  used  a 


. 
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( 12 ) 

fatty  acid  collector  to  produce  a  sphalerite  concentrate. 
Because  of  their  non-selectivity,  close  control  of  the 
flotation  conditions  is  necessary  to  obtain  good  mineral 
separation,  when  fatty  acid  type  collectors  are  employed. 

The  function  of  fatty  acid  as  a  collector  in  non¬ 
sulfide  mineral  flotation  circuits  has  been  studied  by 

(25 ) 

numerous  workers.  In  1950,  Eigeles  made  a  detailed 

study  of  the  collecting  properties  of  oleic  acid.  He 
studied  how  the  nature  of  mineral,  the  concentration  of 
reagents,  the  time  of  contact  and  the  temperature  affect 
the  adsorption  of  collector  on  the  non-sulfide  mineral  sur¬ 
faces.  The  fundamental  mechanisms  regarding  adsorption  of 
collector  on  a  mineral  surface  were  not  included  in  his 
studies.  Basic  principles  and  quantitative  description 
about  these  kinds  of  surface  reactions  are  still  beyond 
our  complete  understanding.  However,  the  recent  development 
of  other  branches  of  surface  chemistry  and  new  experimental 
techniques  make  it  now  possible  to  make  closer  predictions 
about  the  flotation  behavior  of  a  specific  mineral  and  the 
collector  adsorption  mechanisms. 

Generally  employed  experimental  techniques  may 
include  contact  angle  and  surface  area  measurements,  radio¬ 
active  tracers,  electron  microscopy.  X-ray  diffraction, 
chemical  determination  of  adsorption  isotherms,  and  electro¬ 
chemical  methods  of  investigation.  From  these  kinds  of 
experiments,  wettability,  the  orientation  of  adsorbed 
species,  mono-  or  multi-  layer  type  adsorption,  and  distri- 
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bution  of  collector  on  the  mineral  surfaces  have  been 
described.  These  techniques,  however,  have  proven  incapable 
of  determining  the  specific  nature  of  the  adsorbed  collector 
film. 

In  recent  years,  infrared  spectroscopy  has  proven 
to  be  the  most  useful  tool  available  for  the  solution  of 
problems  having  to  do  with  molecular  structure,  molecular 
behavior,  and  identification  of  unknown  organic,  chemical 
substances.  Since  an  infrared  spectrum  represents  the 
vibrational  and  rotational  modes  of  chemical  bonds  in  a 
molecule,  this  method  can  be  used  in  studying  molecular 
interactions  at  both  solid/gas ^  and  solid/liquid ) 
interfaces . 

Mechanisms  involved  in  the  adsorption  of  oleic  acid 

and  sodium  oleate  on  the  surface  of  three  commonly  associated 

minerals,  fluorite,  calcite  and  barite  were  studied  using 

(32) 

infrared  techniques  by  Peck  and  Wadsworth.  Evidence  was 

presented  that  the  collector  chemisorption  reactions  displace 
anions  from  the  mineral  surfaces  and  form  corresponding 
metal-oleate  salts.  This  investigation  showed  that  the 
addition  of  these  ions  which  serve  as  the  building  blocks  of 
a  mineral,  sharply  depress  the  formation  of  the  chemisorbed 
oleate  species.  Explanations  regarding  development  of 
hydrophobicity  on  a  mineral  surface  by  adsorbing  collector 
species  was  not  explained  in  their  studies. 

In  the  studies  described  in  this  thesis,  efforts 
were  made  to  understand  the  characteristic  surface  behavior 


■ 
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of  natural  barite  in  a  flotation  system,  and  the  collecting 
properties  of  fatty  acids  through  the  use  of  different 
experimental  techniques. 

The  experimental  techniques  employed  in  this  study 
included  hydrogen  ion  adsorption,  mobility  and  flotability 
measurements  for  barite.  Several  experiments  were  also 
conducted  using  quartz  in  order  to  understand  the  differences 
in  flotation  properties  between  salt-type  and  silicate 
minerals.  Infrared  spectra  were  used  to  identify  the 
specific  nature  of  the  adsorbed  collector  species. 
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THEORETICAL  REVIEW 


1.  Properties  of  Fatty  Acids 
A.  Structure 

i 

The  structural  formula  of  fatty  acids  may  be 
expressed  such  as: 

0 

II 

R  -  C  -  OH 

where  'R'  represents  an  alkyl  group.  The  '  H'  can  be 
replaced  by  a  monovalent  metal  ion  forming  a  soap. 

Fig.  1  shows  schematically  the  structure  of  the 
hydrocarbon  chain  consisting  of  CH^  and  CH2  groups  and  the 
carboxyl  group. 


a.  Hydrocarbon  Chain  b.  Carboxyl  Group 

Fig.  1.  Schematic  Diagram  of  Alkyl  and  Carboxyl 


Group 


(25) 


As  can  be  seen  from  their  structure,  fatty  acid  molecules 
are  composed  of  a  polar  carboxyl  group  and  a  nonpolar 
alkyl  group.  Fatty  acids  form  hydrogen  bonds  with  each 
other,  or  with  other  kinds  of  molecules  such  as  alcohol. 
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The  hydrogen  bond  formation  of  fatty  acids  is  shown  below: 

0 . H  -  0 

//  \ 

R  -  C  C  -  R 

\  // 

0  -  H . 0 

Fatty  acids  have  higher  boiling  points  than  alcohols  having 
the  same  carbon  length  because  fatty  acid  molecules  are 
bound  together  by  two  hydrogen  bonds  whereas  alcohol  mole¬ 
cules  are  joined  with  only  one  hydrogen  bond. 

B.  Dissociation 

In  aqueous  solution,  the  fatty  acid  molecules  exist 

in  equilibrium  with  the  carboxylate  anions  and  the  hydrogen 

( 25 ) 

ions  illustrated  as  follows: 

RCOOH  RCOO“  +  H+ 

denoting  the  equilibrium  constant  of  above  reaction  as  Ka, 
the  concentration  of  carboxylate  anion  in  solution  is  given: 

[RCOO-]  =  Ka[R--°-] 

[H+] 

since,  [H+]  =  10  pH,  therefore, 

[RCOCT]  =  Ka [RCOOH]  10pH  (mole/litre) 

For  the  alkali  salt  of  a  fatty  acid,  the  concentra¬ 
tion  of  the  carboxylate  anion  in  a  solution  depends  very 
much  on  the  hydrolysis  of  carboxylate  anion: 

RCOO"  +  H20  RCOOH  +  OH~ 

Hence,  the  concentration  of  carboxylate  anion  is  equal  to: 

[RCOO-]  =  [RCOOH] [OHll 

^h 

Or,  [RCOO-]  =  i-  [RCOOH]  io(pH"14)  (mole/litre) 

Kh 

here  Kh  is  the  hydrolysis  constant. 
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The  above  equations  show  that  regardless  of  whether 
fatty  acids  or  their  alkali  salts  are  in  solution,  the  con¬ 
centration  of  carboxylate  anions  depends  upon  the  pH.  The 
concentration  of  carboxylate  anions  increases  as  the  pH  of 
the  solution  is  increased. 

C.  Acidity 

The  acidity  of  a  fatty  acid  in  solution  is  deter¬ 
mined  by  the  difference  between  the  stability  of  the  undis- 

(31) 

sociated  acid  and  its  anion.  Two  reasonable  structures 

for  both  the  fatty  acid  and  its  carboxylate  anion  can  be 
drawn  as  follow: 


RCOOH : 


0 


0 


R  -  C 


or 


R  -  C 


OH, 


+ 

OH 


RCOO  : 


0 

/ 

R  -  C 

0, 


o 

/r 

or  R  -  c-;  - 
v 

0 


As  shown  above,  both  the  acid  and  the  anion  are  resonance 

hybrids.  As  a  result  of  this  resonance  hybrid  structure, 

both  acid  and  anion  are  stabilized.  The  stabilization  is 

expected  to  be  far  greater  for  the  anions  than  for  the  acids 

(31) 

because  the  anion  has  an  exactly  symmetrical  structure. 

In  a  carboxylate  anion,  the  carbon  atom  is  joined  to  the 

three  other  neighboring  atoms  by  hybridized  bonds.  Since 

2 

these  bonds  utilize  sp  hybridized  orbitals,  they  lie  in  a 
plane  at  an  angle  of  120°.  The  remaining  p  orbital  in  the 
carbon  atom  overlaps  equally  on  the  p  orbitals  of  both 
oxygens,  and  forms  hybrid  bonds.  In  this  way,  the  electron 


. 
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is  not  bonded  just  to  one  or  two  nuclei  but  to  three  (one 
carbon  and  two  oxygen  atoms) .  Because  of  this  resonance 
structure,  the  two  oxygen  atoms  are  held  more  tightly, 
making  the  anion  more  stable  than  the  molecule.  This 
stabilization  of  the  anion  and  resulting  acidity  are  only 
possible  because  of  the  presence  of  the  carbonyl  group  in  a 
fatty  acid  molecule. 

The  structure  of  the  alkyl  group  in  a  fatty  acid 
molecule  has  pronounced  effects  on  its  acidity.  Any  factor 
that  stabilizes  the  anion  more  than  the  acid  should  increase 
acidity.  Electron-withdrawing  substituents  should  disperse 
the  negative  charge,  stabilize  the  anion,  and  thus  increase 
the  acidity.  For  n-saturated  fatty  acids,  the  acidity  is 
increased  with  decreasing  carbon  length.  For  unsaturated 
fatty  acids,  the  acidity  is  increased  by  increasing  the 
number  of  double  and  triple  bonds  in  the  hydrocarbon  group. 

D.  Properties  as  a  Collector 

The  length  and  the  structure  of  the  hydrocarbon 
chain  in  a  fatty  acid  molecule  has  a  pronounced  effect  on 
its  collecting  properties. 

For  n-saturated  fatty  acids,  the  solubility  is 
decreased  3  to  3.2  fold  (Traube's  Rule  )  for  each  addi¬ 
tional  carbon  atom.  The  collecting  power  is  increased  with 
increasing  the  number  of  carbon  atoms  in  the  hydrocarbon 
chain.  However,  fatty  acids  with  very  long  hydrocarbon 
chain  (above  C-18)  are  so  slightly  soluble  in  water  that 
their  effectiveness  as  a  collector  is  sharply  decreased. 
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Fatty  acids  form  very  insoluble  compounds  with  any  di-  and 
tri-valent  cations.  Therefore,  in  the  presence  of  ions  such 
as  calcium,  magnesium,  iron,  etc.,  the  amount  of  collector 
needed  in  a  flotation  circuit  is  greatly  increased. 

Another  important  property  of  fatty  acids  in  a 

flotation  system  is  their  tendency  to  form  micelles  in 

solution.  About  650  calories  of  energy  is  evolved  when  one 

(12) (38) 

CH^  group  is  removed  from  water. v  K  '  Because  of  this 
hydrophobicity ,  the  fatty  acid  ions  will  aggregate  to  form 
colloidal-sized  groups  known  as  micelles.  In  a  micelle,  the 
hydrocarbon  chains  are  removed  from  water  by  tight  associa¬ 
tion  of  the  chains  inward  and  with  the  charged  heads  oriented 

(12) (17) 

outward  towards  the  water.  A  micelle  attracts  a 

fairly  large  number  of  ions  to  its  surface  as  counter  ions, 
which  reduces  its  charge  considerably.  Therefore,  the 
formation  of  a  micelle  in  solution  results  in  a  sharp  drop 
of  the  electrical  conductivity  of  a  solution  when  compared 
with  a  solution  with  an  equivalent  amount  of  other  ions. 

The  concentration  at  which  micelles  begin  to  form  (critical 
micelle  concentration)  depends  on  the  nature  of  the  polar 
group  and  on  the  length  of  the  hydrophobic  radical.  The 
formation  of  micelles  is  favored  by  increasing  the  hydrocar¬ 
bon  length  due  to  an  increase  in  dispersion  forces  between 
the  longer  hydrocarbon  chains.  This  dispersion  force  is 
inversely  proportional  to  the  fifth  power  of  the  distance 
between  the  chains  and  directly  proportional  to  the  length 
of  hydrocarbon  chain. ( 25 } 
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In  order  to  change  a  hydrophilic  mineral  surface  to 

a  hydrophobic  surface,  aggregation  of  collector  ions  on  the 

mineral  surface  is  essential.  Furthermore,  the  arrangement 

of  collector  on  the  mineral  surface  is  also  regarded  as  a 

governing  factor  for  a  mineral  to  obtain  hydrophobicity . 

An  aggregation  of  collector  ions  at  the  surface  of  mineral 

( 17 ) 

is  called  a  hemimicelle .  Gaudin  showed  that  the  flota¬ 

tion  recovery  is  greatly  improved  when  collector  ions  start 
to  form  hemimicelles  on  a  mineral  surface. 

Fatty  acid  type  collectors  give  good  flotability  to 
all  polar  salt-type  minerals  which  contain  alkaline  earth 
metals  (calcium,  magnesium,  barium  and  strontium) ,  and  also 
to  the  carbonates  and  sulfates  of  non-ferrous  metals.  These 
collectors  are  not  actively  adsorbed  on  oxide  minerals 
(silicates  and  alumino-silicates)  without  the  presence  of 
activating  metal  cations  in  the  solution. 

2.  Adsorption  Mechanism 

A.  Adsorption  at  Solid-Liquid  Interfaces 

Adsorption  is  a  very  complex  phenomenon.  Forces 
exist  between  molecules  and  a  solid  surface  and  also  among 
the  adsorbed  molecules  themselves.  All  intermolecular 

forces  have  their  origin  in  the  electromagnetic  interactions 

( 4 ) 

of  nuclei  and  electrons.  Distribution  of  these  forces 

can  be  determined,  in  principle,  from  their  mutual  inter¬ 
actions  and  the  procedures  of  quantum  mechanics,  leading  to 
a  complete  knowledge  of  the  quantum  mechanical  states  of  the 
system.  Such  procedures  are,  however,  too  complex  for 
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application  even  to  the  simplest  of  adsorption  systems. 
Therefore,  simplifications  must  be  introduced.  One  simpli¬ 
fication  is  to  classify  forces  into  those  associated  with 
physical  adsorption  and  chemisorption.  Distinction  between 
physical  adsorption  and  chemisorption,  however,  is  not  so 
simple.  In  most  of  the  cases,  physical  adsorption  is  weaker 
than  chemisorption  and  experimentally-determined  heats  of 
adsorption  are  often  used  to  distinguish  between  the  two 
types  of  adsorption. 

Physical  Adsorption:  Physical  adsorption  results 

from  the  action  of  van  der  Waals  forces  which  are  considered 

to  be  made  of  the  London  dispersion  forces  and  the  classical 

( 4 ) 

electrostatic  forces.  In  1930,  London  was  the  first  to 

recognize  the  existance  of  dispersion  forces  between  atoms 
and  molecules.  According  to  the  quantum  mechanical  theory 
developed  by  London,  the  electrons  in  atoms  and  molecules 
are  in  continuous  motion  even  when  they  are  in  their  ground 
states.  Thus  they  possess  rapidly  fluctuating  dipole  moments, 
and  fleeting  dipole  moments  in  one  atom  or  molecule  perturbs 
a  neighboring  one  inducing  a  moment  in  it.  The  temporary 
moment  in  the  first  molecule  and  the  moment  induced  in  the 
neighboring  one  lead  to  an  attractive  force  between  them. 

A  prime  example  of  attractive  interactions  consisting 
almost  exclusively  of  dispersion  forces  is  found  in  a  system 
of  non-polar  molecules  adsorbed  on  the  surface  of  a  covalent 
solid.  Dispersion  and  electrostatic  forces  are  the  major 
attractive  forces  in  systems  of  polar  molecules  adsorbed  on 


. 
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the  surfaces  of  covalent  solids,  and  spherically  symmetrical 
inert  atoms  adsorbed  on  the  surfaces  of  ionic  solids. 

Electrostatic  forces  interacting  between  non-polar 
molecules  and  ionic  solids  are  generated  by  the  polarization 
of  the  atom  in  electric  fields  of  the  ionic  lattice.  Polari¬ 
zation  is  a  distortion  of  the  electronic  charge  density 
around  an  ion  and  it  can  arise  from  a  variety  of  inter¬ 
related  causes.  In  its  most  extreme  form,  polarization 
results  in  the  effective  removal  of  an  electron  from  an 
anion  towards  a  cation  and  forms  a  covalent  bond.  Polariza¬ 
tion  can  thus  be  considered  as  the  link  between  purely  ionic 
interaction  on  the  one  hand  and  purely  covalent  bonding  on 
the  other.  Polarization  is  more  extensive  the  lower  the 
coordination  number  ^0)  an(j  it  aiso  depends  on  both  the 
polarizing  power  and  the  polarizability  of  the  ions  in  the 
structure.  Polarizing  power  increases  with  a  decrease  in 
ion  radius  and  an  increase  in  its  charge.  The  less  effec¬ 
tively  the  ion's  nucleus  is  shielded  by  the  extra-nuclear 
electrons  the  greater  will  be  its  polarizing  power.  Small, 
highly  charged  cations  therefore  have  considerable  polarizing 
power  and  d"*"0  ions  are  more  highly  polarizing  than  inert  gas 
type  ions.  By  contrast,  polarizability,  or  ease  of  distor¬ 
tion,  will  be  greater  for  large  ions  (usually  anions)  with 
loosely  bonded  electrons. 

Physical  adsorption  cases  may  include  unionized 
molecules  and  ions  held  close  to  the  surface  of  solid  by  the 
dispersion  and  the  electrostatic  forces.  In  this  physical 
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adsorption,  there  is  no  transfer  or  sharing  of  electrons 
between  the  adsorbates  and  the  adsorbents.  As  an  adsorbate 
approaches  the  adsorbent,  electrons  may  take  up  a  new  equi¬ 
librium  distribution,  but  they  maintain  their  respective 
associations  in  the  interacting  species. 

Chemisorption:  Simply  stated  chemisorption  arises 

from  the  transfer  or  the  sharing  of  electrons  between  an 
adsorbate  and  an  adsorbent.  The  type  of  a  chemical  reaction 
that  causes  chemisorption  includes  most  of  the  well  recog¬ 
nized  reactions  familiar  in  bulk  chemistry.  That  is,  they 
probably  involve  simple  addition  reactions,  complex  chela¬ 
tion  reactions,  acid-base  neutralization  reactions,  meta¬ 
thesis  reactions,  and  perhaps  even  precipitation  of  neutral 
substances  on  the  surface  of  a  solid.  These  chemical  reac¬ 
tions  are  believed  not  to  proceed  beyond  the  formation  of  a 

(3) 

mono-layer  on  the  surface. 

The  simplest  way  of  describing  chemical  forces  of 
adsorption  at  solid  surfaces,  employs  analogies  with  simple 
chemical  bonds,  i.e.,  covalent  and  ionic  bonding.  The  most 
serious  limitation  of  the  simple  chemical  bond  treatments  on 
chemisorption  is  the  negligence  of  the  differences  in  the 
electronic  states  near  the  surface  of  a  solid,  those  asso¬ 
ciated  either  with  the  solid  as  a  whole  or  the  isolated  atoms 

of  the  solid.  In  the  case  of  highly  ionic  bonds,  some 

( 4 ) 

success  has  been  obtained  in  checking  experimental  heats 
of  adsorption  against  the  values  calculated  using  the  classi¬ 
cal  electrostatic  theories.  Another  method  used  to  describe 
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surface  bonding  involves  ligand-field  theory.  In  this  theory, 
the  effects  of  a  local,  ordered  environment  in  the  metal  on 
the  adsorption  bond  are  considered.  These  studies  represent 
the  most  fundamental  approach  to  adsorption  and  deal  with 
idealized  systems,  often  one  dimensional,  and  employ  the 
LCAO  approximation  of  the  molecular  orbital  theory.  Quali¬ 
tative  explanations  regarding  adsorption  are  now  possible, 
but  these  theories  do  lead  to  some  interesting  and  provoca¬ 
tive  results  such  as  general  criteria  for  existance  of  bonds 
of  surface  states  outside  the  region  of  normal  crystal  bonds. 

B.  Collector  Adsorption  Theory 

In  flotation  systems,  the  adsorption  reactions  at 
solid-liquid  interfaces  are  the  type  that  change  hydrophilic 
solid  surfaces  to  hydrophobic  surfaces.  The  primary  adsor¬ 
bate  which  accomplishes  this  change  is  called  a  'Collector' . 
The  function  of  collectors  at  solid-liquid  interfaces  and 
their  selective  affinities  for  mineral  surfaces  are  the 
dominant  concerns  in  flotation  studies.  The  action  of  a 
collector  in  rendering  a  mineral  surface  hydrophobic  is 
determined  by  the  nature  of  the  collector  used  and  the 
mineral.  This  action  is  also  affected  by  the  form  of  attach¬ 
ment  of  the  collector  on  the  mineral  surfaces. 

Solubility  Theory:  In  early  days,  Taggart  proposed 

(41) 

the  chemical  or  solubility  theory  of  collector  adsorption. 
Taggart  postulated  that  flotation  occurs  because  of  metathe- 
tic  reactions  between  the  collector  and  the  mineral  surface. 
All  interactions  between  flotation  reagents  and  mineral 
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surfaces  were  believed  to  be  one  of  the  well  recognized 
types  of  chemical  reactions  with  the  resulting  surface  com¬ 
pounds  having  the  same  properties  as  the  corresponding  bulk 
chemical  compounds.  In  effect,  this  theory  presumed  that 
the  mineral,  or  the  oxidation  products  on  the  mineral  sur¬ 
face,  is  more  soluble  than  the  collector  salts  formed  as  a 
result  of  the  interaction  between  the  mineral  and  the 
collector.  This  mechanism  of  adsorption  has  been  shown  to 
lack  general  validity  since  some  collector  salts  are  more 
soluble  than  either  the  mineral  or  oxidation  products. 

While  this  mechanism  completely  neglects  the  crystal  struc¬ 
ture,  surface  electrical  properties,  and  physical  adsorption 
phenomena,  nevertheless  it  is  a  useful  guide  in  the  selection 
of  collectors  and  modifying  agents. 

( 16 ) 

Ion  Exchange  Theory:  Proposed  by  Gaudin,  '  and 
Sutherland  and  Wark,  the  ion  exchange  theory  of  collector 

adsorption  mechanism  has  received  wider  acceptance.  The 
proponents  of  this  theory  believed  that  since  the  collector 
ions  are  generally  the  most  predominant  species  in  solution 
(this  point  of  view  has  been  opposed  by  Cook^  ^),  these 
ions  are  adsorbed  on  the  mineral  surface  by  replacing  pre¬ 
viously  adsorbed  ions.  For  example,  the  adsorption  reaction 
of  an  anionic  collector  ion  at  a  mineral  surface  may  be 
explained  as  the  exchange  of  an  collector  anion  for  an 
adsorbed  hydroxyl  ion  as  illustrated  below: 

S  | -  0H_  +  x”  =  S  |  -  x”  +  OH” 


' 


18 


where  S  is  the  solid  and  X  represents  the  collector  anion. 

In  this  theory,  little  attention  was  given  to  the  structure 
of  the  electrical  double  layer  which  surrounds  mineral 
particles.  For  the  sulfide  and  salt-type  minerals,  the 
anionic  collectors  such  as  xanthates  and  fatty  acids  are 
commonly  used  as  collectors.  Considering  that  these  minerals 
usually  have  negative  surface  potential  in  a  weak  alkaline 
solution,  the  collector  anions  must  diffuse  against  the 
coulombic  potential  barrier  in  the  electrical  double  layer  in 
order  to  chemisorb.  This  seems  to  be  unlikely  even  consi¬ 
dering  that  some  flotation  may  occur  with  very  low  surface 
coverage  of  collector. 

Ion-pair  adsorption  mechanism  is  also  conceivable 
from  the  electrostatic  consideration  at  the  solid-liquid 
interface.  In  this  case,  the  counter  ion  is  also  adsorbed 
along  with  the  collector  ion,  and  neutralizes  the  charge  by 
following  reaction: 

S  |  +  H+  +  X"  ~~  S 

This  ion-pair  adsorption  mechanism  can  provide  reasonable 
explanation  regarding  electrokinetic  surface  phenomena  at 
solid-liquid  interfaces. 

Ion  exchange  and  ion-pair  adsorption  models  are 
shown  in  Fig.  2A  and  Fig.  2B  respectively. 

Hydrolytic  Adsorption:  In  recent  years,  Cook  et  al 
(5)  (42)  pr0p0se(j  the  hydrolytic  adsorption  mechanism,  which 


is  also  known  as  the  neutral  collector  theory.  In  their 
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Fig.  2.  Collector  Adsorption  Models 

A:  Ion-exchange  B:  Ion-pair  Adsorption 

C:  Hydrolytic  Adsorption 
D:  Xanthate-type  Collector  Adsorption 

O— ■  Ionized  Collector  O1 1111  Neutral  Collector 
©  Counter  Ion 


theory,  emphasis  is  placed  on  the  importance  of  free  acids 
and  free  bases  as  the  most  predominant  collector.  They 
considered  the  effective  collector  to  be  a  non-ionic  species 
derived  from  the  hydrolysis  of  a  ionized  collector  in  a 
solution.  Therefore,  the  following  two  reactions  must  take 
place  for  the  hydrolytic  adsorption,  i.e.,  the  hydration  of 
collector  ion  followed  by  subsequent  adsorption  on  the 
surface  in  molecular  form: 


- 

' 
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X"  +  H20  HX  +  OH" 

S  |  +  HX  S  |-HX 

The  collector  in  its  molecular  form  can  approach  the  solid 

surface  closely  and  remain  on  the  surface  independent  of  the 

surface  charge.  Their  original  arguments  for  this  theory 

were  based  on  the  higher  surface  activity  of  neutral  hetero- 

polar  molecules  than  that  of  the  ionized  molecules,  as  a 

result  of  electrokinetic  surface  phenomena.  This  hydrolytic 

adsorption  mechanism  provides  a  good  explanation  regarding 

the  adsorption  of  xanthates  on  sulfide  mineral  surfaces. 

In  sulfide  mineral  flotation,  the  dixanthogen  (an  oxidation 

product  of  xanthate)  has  been  proven  to  be  an  effective 

(33) 

collector  species.  This  dixanthogen  interacts  with  a 

surface  metal  ion  of  the  crystal  lattice  to  form  a  metal- 
dixanthogen  salt.  The  hydrolytic  adsorption  model  and 
xanthate  adsorption  on  sulfide  mineral  surface  are  visualized 
in  Fig.  2C  and  Fig.  2D.  Some  of  the  experimental  results, 
however,  can  not  be  properly  explained  by  this  theory.  It 
was  observed  that  by  increasing  the  concentration  of  collec¬ 
tor,  the  surface  potential  of  the  solid  changes  sign.  For 

example,  a  negatively-charged  quartz  surface  becomes  positive 

( 17 ) 

in  a  cationic  collector  solution.  This  phenomenon  is 

hardly  explainable  by  the  neutral  molecule  theory,  even 
considering  that  a  very  small  amount  of  excess  ions  on  a 
solid  surface  can  change  the  magnitude  of  the  surface  poten¬ 
tial  markedly. 
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C.  Hemimicelle  Hypothesis 

Collectors  can  be  adsorbed  on  a  solid  surface  in 
many  forms.  In  some  cases,  they  form  a  complex  compound  and 
an  unionized  molecular  film.  They  may  also  adsorb  in  the 
electrical  double  layer  of  the  solid  surface  forming  multi¬ 
layers.  Regardless  of  the  kinds  of  species  formed,  the 
arrangements  of  collector  species  at  the  solid-liquid  inter¬ 
face  must  be  such  as  to  provide  hydrophobicity  to  the  solid 
surface.  The  orientation  of  heteropolar  molecules  at  the 
solid-liquid  interface  depends  upon  the  collector  concentra¬ 
tion,  the  length  of  the  non-polar  hydrocarbon  chain,  and 
particularly  on  the  nature  of  the  polar  head.  A  precise 

explanation  regarding  the  arrangement  of  collector  species 
on  a  solid  surface  is,  however,  not  yet  available. 

Gaudin  and  Fuerstenau  investigated  the  mechanism  of 

(17) 

the  flotation  of  quartz  by  cationic  collectors.  From 

their  experimental  results,  they  found  that  the  collector 
ions  show  a  marked  affinity  for  the  surface  above  a  certain 
concentration.  These  investigators  cited  this  result  as 
evidence  of  the  change  in  the  structure  of  the  adsorbed 
layer  with  hemimicelle  formation.  Schematic  diagrams  illus¬ 
trating  collector  ion  association  on  the  solid  surface  and 
the  formation  of  a  hemimicelle  are  shown  in  Fig.  3. 

At  very  low  concentrations,  the  collector  ions  are 
adsorbed  on  the  solid  surface  as  individual  ions  with  their 
non-polar  hydrocarbon  chains  randomly  oriented ^  (see 

Fig.  3A) .  With  increased  collector  concentration,  the  non- 
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Concentration 
B:  Hemimicelle 

C:  Multi-layer  Formation  at  High  Collector 
Concentration 

D:  Alternate  Arrangement  of  Collector 
(  Q  )  Collector  Ion) 


polar  radicals  begin  to  attract  each  other  more  and  more 
because  of  the  increasing  dispersion  forces  between  the 
hydrocarbon  chains.  Increasing  density  of  the  collector  on 
the  surface  leads  to  the  orientation  of  the  collector  species 
at  a  definite  angle  to  the  solid  surface.  Ions  associated 
in  this  way  on  a  solid  surface  were  named  hemimicelles  by 
Gaudin.  Hemimicelle  formation  on  the  solid  surface  is 

shown  in  Fig.  3B.  The  orientation  of  the  adsorbed  collector 
species  with  their  polar  heads  towards  the  solid  surface  and 
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with  the  hydrocarbon  chains  sticking  out  into  the  liquid 
phase,  is  known  to  be  favorable  because  of  strong  electro¬ 
static  forces  between  the  ionic  heads  and  the  charged  solid 
surface.  With  a  further  increase  in  collector  concentration, 
the  multi-layer  adsorption,  as  shown  in  Fig.  3C,  takes  place. 
A  great  deal  of  experimental  evidence  is  available  to  con¬ 
firm  multi-layer  formation  on  a  mineral  surface.  In  spite 
of  this  evidence,  the  exact  nature  of  these  multi-layer 
structures  is  not  known.  Gaudin  proposed  the  multi-layer 
structure  as  illustrated  in  Fig.  3C. v  '  Gaudin's  hemimi- 
celle  and  multi-layer  models  do  not  seem  to  be  valid  for 
fatty  acid-type  collectors.  If  the  electrostatic  inter¬ 
action  is  considered  as  a  major  force  for  collector  adsorp¬ 
tion,  one  can  easily  imagine  that  there  will  be  strong 
repulsive  forces  among  the  adsorbed  polar  heads.  These 
repulsive  forces  will  be  predominant  with  increasing  asso¬ 
ciation  of  the  collector  species  on  the  surface.  For 
collectors  with  a  long  hydrocarbon  chain,  the  dispersion 
forces  among  the  hydrocarbon  chains  are  also  extensive.  In 
this  case,  the  alternate  arrangement  of  collector  species  on 
the  surface,  as  shown  in  Fig.  3D,  seems  to  be  more  probable. 
However,  this  kind  of  adsorption  configuration,  the  solid 
surface  becomes water-avid  rather  than  the  reverse.  Conse¬ 
quently,  aggregates  of  collector  species  in  the  surface 
layer  must  be  formed  without  reversing  their  orientation  or 
the  aggregation  should  be  favorable  in  providing  a  hydropho¬ 
bic  nature  to  the  surface. 


, 
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D.  Adsorption  Mechanisms  of  Fatty  Acids 

Most  collector  adsorption  theories  and  models  so  far 
proposed  by  other  research  workers  are  principally  based  on 
the  interactions  between  the  collector  polar  head  and  the 
mineral  surface.  These  theories  maintain  that  the  collector 
polar  heads  are  held  on  the  surface  by  electrostatic  forces 
and/or  covalent  forces.  The  collecting  mechanism  of  xanthate 
(for  sulfide  minerals)  and  cationic-type  collectors  (for  si¬ 
licates  and  oxides)  are  explainable  using  the  above-mentioned 
theories . 

The  adsorption  forces  of  xanthate  on  a  sulfide 

(33) 

mineral  surface  are  proven  to  be  covalent  in  nature. 

The  polar  head  of  xanthate  (actually  dixanthogen)  overlaps 
on  the  metal  orbitals  which  appear  from  the  crystalline 
solid  surface.  In  order  to  obtain  the  most  favorable  over¬ 
lap,  the  collector  species  are  adsorbed  at  a  definite  angle, 
possibly  perpendicular,  to  the  surface.  Therefore,  the 
compact  monolayer  formation  with  collector  polar  heads  stick¬ 
ing  on  the  surface  seems  to  be  valid  for  xanthate-type 
collectors . 

Experimental  evidence  has  shown  that  the  adsorption 
reactions  of  collectors  on  silicates  and  oxide  minerals  are 
electrostatic  in  nature.  Therefore,  for  flotation  of  these 
kinds  of  minerals,  close  control  of  the  surface  electrical 
charge  is  very  important. 

The  nature  of  collecting  forces  of  fatty  acids  for 
salt-type  minerals  is  inexplicable  by  the  above  theoretical 
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considerations.  The  salt-type  minerals  usually  have  a  nega¬ 
tive  surface  potential  in  the  flotation  circuits.  Therefore, 
adsorption  of  anionic  fatty  acid  heads  on  the  negatively 
charged  mineral  surfaces  is  impossible  from  an  electrostatic 
point  of  view.  Cook  mentioned  the  possibility  of  neutral 
(RC00H)2  molecular  species  forming  and  adsorbing  at  the 
solid-liquid  interfaces.  This  neutral  molecular  species 
could  then  approach  the  surface  without  being  repulsed  by 
electrostatic  forces.  The  principal  forces  which  hold  the 
collector  heads  on  the  surface  were  not  mentioned  in  Cook's 
studies.  In  their  infrared  studies  on  adsorbed  oleate  on 

salt-type  mineral  surfaces.  Peck  and  Wadsworth  showed  that 

( 32 ) 

a  metal-oleate  salt  is  formed  on  the  surface.  The 

direct  interactions  of  the  oleate  species  with  the  surface 
metal  ions  in  the  crystalline  lattice  seem  rather  unlikely 
on  the  basis  of  the  crystallochemical  nature  of  a  salt-type 
mineral  surface.  Most  of  the  salt-type  minerals  have  large 
anions  in  their  crystal  lattice.  In  a  cleavage  plane,  the 
smaller  metal  ions  are  more  or  less  sealed  by  the  adjacent, 
larger  anions.  Therefore,  the  ionic  head  of  the  collector 
must  squeeze  in  through  the  anions  in  order  to  reach  to  the 
metal  cations.  This  reaction  seems  unlikely,  because  the 
collector  head  is  usually  larger  than  the  space  between  the 
surface  anions.  It  may,  however,  be  possible  for  the  oleate 
ions  to  form  a  metal-oleate  salt  with  hydrated  metal  ions. 
These  metal  ions  would  be  held  on  the  surface  as  the  counter 
ions  making  up  the  double  layer.  If  this  is  the  case,  com- 
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pact  monolayer  formation  is  not  possible  because  of  the 
repulsive  forces  of  the  charged  heads  as  explained  in  the 
previous  section  (Hemimicelle  Hypothesis) .  It  has  been  also 
observed  that  the  collecting  power  of  a  collector  increases 
with  increasing  the  hydrocarbon  chain  length.  Considering 
that  the  hydrocarbon  chain  in  a  collector  molecule  provides 
the  hydrophobicity  to  the  solid  surface,  different  kinds  of 
collectors  (i.e.  xanthate  and  fatty  acid)  with  identical 
hydrocarbon  chains  should  exhibit  almost  the  same  collecting 
power.  This  is  not  true.  Xanthate-type  collectors,  with 
relatively  short  hydrocarbon  chains  (generally  less  than  C-6) , 
have  excellent  collecting  properties  for  sulfide  minerals. 
Fatty  acids  and  cationic  collectors  show  almost  no  collecting 
power  with  a  hydrocarbon  length  less  than  6.  This  phenomenon 
is  inexplicable  by  the  compact  monolayer  adsorption  model 
(Fig.  3B) . 

The  above  considerations  suggest  a  difference  in 
collecting  mechanisms  among  different  types  of  collectors. 

For  fatty  acids,  the  possibility  of  direct  interactions 
between  the  hydrocarbon  chain  and  the  surface  has  already 
been  mentioned.  However,  the  nature  of  this  interaction 

is  in  doubt.  Therefore,  the  need  for  direct  experimental 
evidences  to  elucidate  the  fatty  acid  adsorption  mechanisms 
on  salt-type  mineral  surfaces  is  apparent. 

3.  Electrokinetic  Phenomena  at  Solid-Liquid  Interfaces 
A.  Electrical  Double  Layer 

If  two  phases  of  different  chemical  constituents  are 
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in  contact,  an  electrical  potential  difference  is  developed 
between  the  two  phases.  If  a  solid  is  brought  in  contact 
with  an  aqueous  solution,  charged  species  are  redistributed 
across  the  interface,  forming  an  electrical  double  layer. 

For  the  formation  of  the  electrical  double  layer,  the  solid 
surface  should  be  charged.  Three  possible  mechanisms  by 
which  this  potential  is  developed  on  the  solid-liquid  inter¬ 
face  can  be  imagined: 

(a)  The  crystal  lattice  of  the  solid  may  contain  a 
net  positive  or  negative  charge  arising  from  defects 
or  lattice  substitutions;  the  net  charge  is  there¬ 
fore  compensated  by  an  equivalent  ionic  charge  at 
the  surface.  In  contact  with  water,  the  compensating 
ions  dissociate  to  form  the  counter  ions  of  the 
double  layer. 

(b)  In  the  case  of  sparingly  soluble  ionic  solids, 
an  equilibrium  exists  between  the  ions  making  up  the 
surface  of  the  crystal  and  these  same  constituent 
ions  in  the  solution.  The  concentration  of  these 
ions  is  determined  by  the  solubility  product  of  the 
solid  material.  Thus,  an  excess  of  the  positive 
constituent  ions  in  the  solution  makes  the  solid 
surface  become  more  positive;  an  addition  of  the 
excess  negative  constituent  ions  makes  the  surface 
more  negative . 

(c)  This  mechanism  includes  the  adsorption  of 
specific  ions  from  the  solution.  Specific  ions  may 
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be  strongly  adsorbed,  or  chemisorbed  by  the  formation 
of  surface  complexes,  or  compounds .  )  Adsorption 

may  also  be  aided  by  hydrogen  bond  formation  or  by 
the  London  dispersion  (van  der  Waals)  forces,  parti¬ 
cularly  with  large  organic  molecules  or  ions. 

The  interaction  energy  of  water  with  different  ions 
occurring  in  the  solid  surface  also  varies  widely.  For  this 
reason,  some  ions  are  transferred  into  the  solution  in  greater 
amounts  than  the  others.  The  preponderant  transfer  of  an 
ion  into  solution  causes  a  disturbance  in  the  electrical 
equilibrium  on  the  solid  surface.  As  a  result,  the  surface 
becomes  electrically  charged.  The  surface  potential  of  a 

solid  depends  very  much  on  the  concentration  of  those  ions 

( 12 ) 

which  serve  as  the  building  blocks  of  the  solid.  These 

constituent  ions,  together  with  other  ions  which  directly 
influence  the  concentration  of  the  constituent  ions,  are 
called  Potential  Determining  Ions.  As  the  concentration  of 
one  potential  determining  ion  increases,  it  becomes  more  and 
more  difficult  for  this  ion  to  escape  from  the  solid  surface. 
Above  a  certain  concentration,  these  ions  start  to  be  adsorbed 
on  the  solid  surface  from  the  solution.  Therefore,  there 
will  be  a  point  where  plus  and  minus  charges  are  exactly 
balanced  at  the  solid  surface  and  the  surface  potential  is 
zero.  This  concentration  is  called  the  Isoelectric  Point 
or  Zero  Point  of  Charge  (zpc) . 

The  charge  on  the  surface  of  a  solid  will  tend  to 
attract  ions  of  opposite  sign  from  the  solution  to  the 
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vicinity  of  the  solid.  These  ions  form  an  ordered  layer 
which  is  bonded  to  the  surface  such  that  this  layer  moves 
together  with  the  solid  body.  Next  to  the  ordered  layer  of 
ions  is  a  diffuse  layer  which  decreases  in  concentration 
with  increasing  distance  from  the  solid.  The  ions  in  this 
diffuse  layer  can  be  separated  from  the  solid  as  the  parti¬ 
cle  moves  through  the  solution.  During  the  departure  of  the 
ions  of  the  diffuse  layer  away  from  the  surface,  the  electro¬ 
neutrality  of  the  system  is  disrupted  and  a  difference  in 
the  potential  arises  between  the  moving  particle  and  the 
liquid.  This  potential  is  called  the  Electrokinetic  or 
Zeta  Potential  (£)• 

The  schematic  diagram  of  the  electrical  double  layer 

developed  around  a  solid  particle  in  an  aqueous  solution  is 

.  .  (34) 

shown  in  Fig.  4 . 

The  solid  particle  is  surrounded  by  a  layer  of 

anchored  oppositely  charged  ions  followed  by  the  aqueous 

layer  containing  the  diffused  counter  ions  and  bulk  liquid. 

The  thickness  of  the  diffuse  layer,  together  with  the  zeta 

potential,  is  greatly  affected  by  the  concentration  and  the 

( 35 ) 

valency  of  the  counter  ions  in  the  solution.  The  effect 

of  the  electrolyte  concentration  and  valency  on  the  value  of 
the  electric  potential  ( ip)  as  a  function  of  distance  from  the 
surface  is  shown  in  Fig.  5.  Fig.  5A  shows  the  effect  of 
mono-valent  electrolyte  concentration  for  an  arbitrary 
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Fig.  5. 


The  Effect  of  the  Electrolyte  Concentration  and 
Valency  on  the  Electric  Potential  (ifj) 

A:  Effect  of  Monovalent  Electrolyte  Concentration 
B:  Effect  of  Counter  Ion  Valence  (10“5  Mole/L.) 
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surface  potential  ( ipQ )  of  100  mv.  Added  electrolyte  com¬ 
presses  the  double  layer,  so  that  it  approaches  zero  more 

rapidly;  the  degree  of  compression  is  proportional  to  the 

(21) 

square  root  of  ionic  concentration.  The  marked  effect 

of  counter  ion  valency  with  an  electrolyte  concentration  of 
-5 

10  mole/litre  is  shown  in  Fig.  5B.  The  thickness  of  the 
electrical  double  layer  is  decreased  by  increasing  the 
valency  and  decreasing  the  size  of  the  counter  ions.  This 
phenomenon  can  be  explained  by  the  closer  approach  to  the 
solid  surface  by  the  smaller  ions,  and  higher  neutralization 
power  for  ions  with  a  higher  valency.  This  higher  neutrali¬ 
zation  power  will  provide  a  sudden  drop  of  the  diffuse 
double  layer  potential  and  accordingly  lower  the  zeta 
potential . 

The  zeta  potential  of  a  system  is  usually  determined 
by  one  of  the  basic  electrokinetic  methods.  In  the  electro¬ 
phoresis  and  electroosmosis  methods,  a  known  electrical  field 
is  set  up,  and  the  resulting  mechanical  properties  of  the 
system  are  measured.  The  reverse  is  the  case  in  the  streaming 
and  sedimentation  potential  methods.  Among  these  methods, 
the  electrophoretic  method  has  received  the  most  attention. 

In  this  method,  the  mobility  (velocity)  of  the  particle  in  a 
potential  field  is  measured  and  then  converted  to  zeta  poten¬ 
tial  by  the  well  known  Smoluchowski  equation. 

B.  Structure  of  the  Electrical  Double  Layer 

The  original  theoretical  analysis  regarding  the 
structure  of  the  electrical  double  layer  was  carried  out  by 
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Potential  Variation  in  Different  Electrical 
Double  Layer  Structures 
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Helmholtz.  He  originally  proposed  that  the  potential 
difference  between  two  phases  resides  in  two  layers  of 
charges  -  a  layer  of  positive  ions  immediately  adjacent  to 
a  negatively  charged  surface.  This  theory  predicts  a  linear 
variation  in  potential  across  the  phase  boundary  (see  Fig.6A). 

Gouy  and  Chapman  recognized  that  the  like  charges 
on  the  solution  side  of  the  interface  would  attract  unlike 
charges  causing  a  disturbance  or  diffuse  charge  distribution. 
Their  diffuse  double  layer  structure  predicts  a  non-linear 
potential  distribution  which  can  be  calculated,  assuming  a 
Maxwell-Boltzman  type  charge  distribution.  The  Gouy  and 
Chapman  theory  of  the  electrical  double  layer,  however, 
predicts  a  fantastically  high  concentration  of  ions  near  the 
solid  surface  (see  Fig.  6B) . 

Stern  recognized  that  the  counter  ions  can  not 
approach  the  surface  closer  than  the  distance  of  the  hydrated 
radius  of  the  ions.  He  believed  that  the  specific  adsorption 
of  ions  and  their  finite  sizes  could  lead  to  formation  of  an 
inner  compact  layer  of  ions  with  a  second  diffuse  layer 
extending  into  the  liquid  phase  (see  Fig.  6C) . 

Grahame  further  improved  Stern's  treatment  by  also 

(33) 

considering  the  degree  of  solvation  of  adsorbed  ions. 

In  his  analysis,  he  included  the  fact  that  both  anions  and 
cations  can  be  adsorbed  by  forces  other  than  electrostatic, 
i.e.,  chemical  or  van  der  Waals.  Grahame  postulated  that 
the  non-electrical  forces  are  chiefly  operative  for  anions, 
which  become  adsorbed  with  loss  of  their  hydration  shells. 
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On  this  basis,  there  is  reason  for  further  dividing  the 
double  layer  into  three  parts:  (1)  a  layer  of  unsolvated 
potential  determining  ions  (usually  anions)  in  the  solid 
surface.  (2)  a  layer  of  tightly  held,  hydrated  counter  ions 
(specifically  adsorbed) .  (3)  an  outer  diffuse  layer  extend¬ 

ing  into  the  solution  (Fig.  6D) .  According  to  this  model, 
the  surface  potential  can  be  drastically  changed,  and  even 
reversed  in  sign,  by  a  change  in  concentration  of  the  poten¬ 
tial-determining  ion.  The  effect  of  a  change  in  the  Stern 
layer  and  Gouy  diffuse  layer  will  be  to  reduce  the  potential 
toward  zero. 

C.  Significance  of  Surface  Potential  in  Flotation 

Considerable  attention  has  been  directed  toward  the 
electrokinetic  phenomena  of  mineral  particles  for  the  purpose 
of  characterizing  mineral  surfaces  and  collection  mechanisms 
in  a  flotation  system. 

(13) 

Fuerstenau  and  Modi  first  stressed  the  importance 

of  determining  the  sign  of  the  surface  charge  of  oxides  in 
order  to  ascertain  whether  a  mineral  would  respond  to  flota¬ 
tion  with  an  anionic  or  cationic  collector.  Iwasaki  and 
(22 ) 

Choi  studied  the  electrokinetic  and  flotation  behavior 

of  geothite  and  hematite  using  different  kinds  of  collectors. 
In  their  experiments,  they  showed  that  the  cationic  collec¬ 
tors  are  effective  when  the  mineral  surface  is  negatively 
charged  and  conversely  anionic  collectors  are  effective  for 
positively  charged  surfaces.  At  the  zpc  of  a  mineral,  flota¬ 
tion  recovery  is  reduced  when  using  either  the  anionic  or 
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( 37 ) 

cationic  collectors.  Smolik  et  al  also  compared  pH  vs. 

recovery  curves  with  pH  vs.  zeta  potential  curves  for  various 
silicate  minerals  using  dodecylamine  acetate  (cationic)  and 
sodium  dodecyl  sulfonate  (anionic)  as  collectors.  From  their 
experimental  results,  Smolik  arrived  at  the  same  conclusion 
as  Iwasaki  did.  Furthermore,  Smolik  concluded  that  the 
collectors  are  in  ionic  form,  and  are  held  by  the  electro¬ 
static  forces  in  the  double  layer. 

The  concept  that  the  collectors  are  in  ionic  form  at 

the  solid-liquid  interface  has  been  strongly  opposed  by 
(5 ) 

Cook.  He  proposed  that  in  a  flotation  system  with  zeta 

potential  ranging  between  20  to  50  millivolts  and  with  total 

-4  -5 

ionic  strength  about  10  to  10  mole/litre,  the  net  elec- 
trokinetic  charge  (sum  of  the  positive  and  negative  charges) 
seldom  exceeds  more  than  0.1  percent  of  the  total  charges 
that  appear  at  most  solid-liquid  interfaces.  From  the  above 
reason.  Cook  concluded  that  unless  one  takes  into  account 
the  counter  ion  adsorption,  or  ion  exchange,  simple  ion- 
collector  adsorption  would  charge  the  solid  surface  by 
impossible  magnitudes.  On  the  other  hand,  the  pH  vs.  zeta 
potential  curves  seem  to  be  meaningless  in  either  ion- 
exchange  or  ion-pair  adsorption  mechanisms. 

It  is  obvious  that  the  surface  charge  of  a  mineral 
has  pronounced  effects  on  the  collector  ion  adsorption.  If 
the  adsorbing  species  are  neutral,  dipolar-type  molecules, 
the  potential  barrier  in  an  electrical  double  layer  may  be 
significantly  lowered  and  adsorption  is  not  greatly  affected 
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by  the  surface  potential  of  a  solid.  Physical  forces  such 
as  electrostatic  and  van  der  Waals  forces,  seem  to  play  a 
significant  role  for  the  collector  adsorption  on  the  sili¬ 
cates  and  oxides.  Therefore,  the  surface  potential  of  a 
solid  is  very  important  for  this  kind  of  mineral  flotation 
The  surface  potential  does  not  seem  to  have  a  pronounced 
effect  on  the  flotation  of  sulfide  and  salt-type  minerals. 
With  these  minerals,  it  is  believed  that  the  collector 
species  are  held  on  the  mineral  surfaces  by  chemisorption. 


(12) 
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EXPERIMENTAL  METHODS 

1.  Materials 

A.  Reagents 

Fatty  acids  used  for  all  the  flotation  tests  were 
converted  before  use  to  their  corresponding  sodium  soaps. 
These  soaps  were  prepared  by  reacting  the  fatty  acids  with 
150  percent  of  the  stoichiometrically  required  amount  of 
0.1  N  sodium  hydroxide. 

Fatty  acids  used  in  the  experiments  are  listed 


below: 

N-caproic  Acid 


CH3 (CH2) 4cooh 

95%  Pur. 

(Mat. Co. ) 

N-caprylic  Acid 

ch3 (ch2) 6cooh 

fl  II 

(K&K  Co.) 

Decanoic  Acid 

CH3 (CH2) gCOOH 

II  II 

(  "  ) 

Laurie  Acid 

ch3 (ch2) 1qcooh 

II  II 

(  "  ) 

Myristic  Acid 

ch3 (ch2) 12cooh 

II  II 

(E.M.CO. ) 

Palmitic  Acid 

ch3 (ch2) 14cooh 

II  II 

(  "  ) 

Stearic  Acid 

ch3 (ch2) 16cooh 

II  II 

(Fis . Co . ) 

Oleic  Acid 

CH3 (CH2) 7CH=CH (CH2) ?C00H  (cis. ) 

II  II 

(  "  ) 

Linoleic  Acid 

ch3 (ch2) 4ch=chch2ch=ch (ch2)7cooh 

97 

(K&K  CO.) 

Linolenic  Acid 

ch  ch2ch=chch2ch=chch2ch=ch (ch2)7cooh 

99 

(  "  ) 
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The  pH  adjustments  were  made  using  ACS  grade  of  HCl 
and  NaOH.  Other  chemical  reagents  used  for  these  experiments 
also  met  the  ACS  specification. 

Demineralized-distilled  water  (DD  water)  containing 
less  than  0.3  ppm.  dissolved  salts  (expressed  as  NaCl) ,  was 
used  for  all  test  solutions. 

B.  Sample 

Massive  and  well-crystallized  natural  barite  was 
supplied  by  J.  Foster  Irwin  Engineering  Company  of  Edmonton. 
This  material  was  from  the  Barite  Mountain  Deposit  located 
near  Ross  River,  Yukon.  Pure  barite  was  hand  picked  from  the 
original  sample  and  washed  thoroughly  with  DD  water  to 
remove  any  clay  and  organic  materials  from  the  barite  sur¬ 
faces.  This  barite  was  then  crushed  using  a  laboratory  jaw 
crusher  and  cone  crusher.  From  the  minus  4  to  plus  8  mesh 
fraction,  only  very  pure  and  well-crystallized  barite  parti¬ 
cles  were  again  hand  picked.  This  pure  barite  was  further 
wet-ground  using  a  laboratory  stainless  steel  rod  mill. 

This  pure  barite  slurry  was  wet-screened  and  the  minus  100 
plus  200  mesh  size  fraction  was  taken  and  dried  for  experi¬ 
mental  use.  This  barite  sample  (-100  +200  mesh  size)  was 
then  passed  through  an  Induced  Roll  Magnetic  Separator 
(Carpco  Mfg .  Inc.)  three  times  to  ensure  removal  of  any  iron¬ 
bearing  impurities  introduced  during  the  grinding  stage. 
Chemical  analysis  of  this  sample  showed  more  than  99.6  per¬ 
cent  purity  as  BaS04,  and  no  impurities  were  detected  by 
X-ray  diffraction  examination.  A  portion  of  this  sample  was 
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Massive  Barite 

Hand  Picking 

Washing  (with  DD  water) 

Dry  Crushing  (by  Jaw  and  Cone  Crusher) 


-4  +8  Mesh  -8  Mesh 

i  r~ 

Hand  Picking  [Discarded] 

I 

Wet  Grinding  (by  S.S.  Rod  Mill) 


Wet  Screening 


-200  Mesh 


[Discarded] 


-100  +200  Mesh 


Drying 


Magnetic  Separation  (Three  times  by  Induced 

Roll  Mag.  Separator) 

Pure  Barite  (-100  +200  Mesh) 


[Stored  for  Flotation  and  H 


ion  Adsorption  Tests] 
Dry  Grinding  (by  Shatter  Box) 


Fine  Powder  of  Barite 


[Stored  for  Mobility  Measure¬ 
ments] 


Sedimentation 


+3  Microns 

I  , 

[Discarded] 


l 

-3  Microns 

I 

[Stored  in  DD  water 
for  I.  R.  studies] 


Fig.  7.  Sample  Preparation  Procedures 
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stored  for  flotation  testing,  and  the  remainder  was  further 
ground  by  a  Shatter  Box  (Spex  Industries  Inc.)  for  15  minutes 
to  obtain  material  fine  enough  for  the  mobility  measurements. 
From  the  material  ground  in  the  Shatter  Box,  the  minus  3- 
micron  size  sample  was  stored  in  DD  water  as  a  70  weight 
percent  slurry  for  use  in  the  infrared  studies. 

A  pure  quartz  sample  was  prepared  from  pure  quartz 
crystals  in  a  way  similar  to  that  used  for  the  barite  sample. 
To  ensure  removal  of  any  iron  particles  introduced  during 
the  grinding  stage,  the  material  was  processed  using  a  hand 
magnet,  then  leached  with  1  N  hydrochloric  acid  for  48  hours, 
and  washed  thoroughly  with  DD  water  until  no  chloride  ions 
were  detected  in  the  solution. 

The  sample  preparation  procedures  are  summarized  in 

Fig.  7. 

2 .  Apparatus  and  Procedures 

A.  Hydrogen  Ion  Adsorption  Measurements 

A  30-gm  sample  (-100  +200  mesh)  was  placed  in  250  ml 
of  DD  water  previously  adjusted  to  the  required  pH  level 
(initial  pH  levels  of  3  and  9  were  used) .  This  solid-liquid 
mixture  was  stirred  gently  with  a  magnetic  stirrer  during 
the  entire  experiment.  Changes  in  pH  were  followed  with  a 
Beckman  Expanded  Scale  Zeromatic  pH  meter. 

B.  Mobility  Measurements 

Electrokinetic  mobility  measurements  were  made  using 
a  flat-type,  horizontal  microphoretic  cell,  constructed  from 
acrylic  plastic  (Lucite) .  This  cell,  which  was  built  by  the 
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Fig.  8.  Apparatus  for  Electrophoretic  Measurement 
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author,  was  designed  to  eliminate  the  effects  of  electrode 
polarization  to  provide  a  constant  voltage  gradient  during 
the  measurements.  The  design  also  eliminated  the  effects  of 

hydrodynamic  flow  during  the  mobility  measurements. 

(21) 

An  Electrophoretic  Mass-Transport  Analyzer  was 
used  for  supplying  a  constant  direct  current  through  the 
electrophoretic  cell.  The  current  flow  through  the  cell  was 
controlled  to  maintain  a  constant  voltage  gradient  of  10 
volts/cm  during  the  mobility  measurements. 

A  conventional  microscope  with  X100  magnification 
was  used  to  observe  the  moving  particles  in  the  cell.  The 
mobility  data  were  taken  by  measuring  the  time  required  for 
a  particle  to  travel  150  microns.  Approximately  20  measure¬ 
ments  were  made  and  averaged  for  each  test.  The  polarity  of 
the  electrodes  was  changed  on  alternate  measurements.  Cell 
dimensions  and  schematic  arrangement  of  the  apparatus  is 
shown  in  Fig.  8. 

Mobility  measurements  were  made  in  solutions  of 
varying  pH  levels,  barium  ion  concentrations,  and  collector 
concentrations.  Each  sample  suspension  was  conditioned  for 
20  minutes  before  being  measured. 

C.  Infrared  Transmission  Techniques 

Infrared  studies  for  adsorbed  collector  species  were 
conducted  by  transmission  of  the  infrared  beam  through  a 
finely  divided  pellet  sample  of  the  adsorbent.  Substrate 
particles  were  smaller  than  3  microns  to  limit  adsorption 
and  dispersion  losses  of  the  radiation  while  simultaneously 
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providing  a  high  surface  area  for  adsorption. v  '  A  vacuum 
die  with  KBr  as  the  matrix  was  used  to  make  the  pellets. 

The  procedure  used  is  described  elsewhere. 

ACS  grade  of  KBr  was  heated  in  a  vacuum  furnace  at 
110 °C  for  48  hours,  and  then  was  ground  in  the  Shatter  Box 
for  20  minutes.  This  finely  ground  KBr  powder  was  again 
heated  at  110 °C  overnight  and  stored  in  a  dessicator. 
Approximately  1  ml  of  pure  barite  slurry  (-3  microns  size) 
was  pipetted  into  200  ml  of  collector  solution  of  known  con¬ 
centration  and  pH.  This  collector-barite  slurry  was  agitated 
with  a  magnetic  stirrer  for  20  minutes  and  filtered.  In 
most  of  the  cases,  the  barite  particles  were  flocculated 
which  made  the  solution  easy  to  filter  using  ordinary  filter 
paper  (Whatman  Filterpaper  No. 2  was  used).  The  filtered 
solids  were  washed  5  times  with  DD  water  which  had  been 
adjusted  to  the  same  pH  as  the  filtrate.  This  sample  was 
dried  at  room  temperature  in  a  vacuum  furnace  and  stored  in 
a  dessicator. 

The  sample  containing  the  adsorbed  collector  was 
combined  with  ground  KBr  in  a  1  to  50  ratio.  To  ensure  ade¬ 
quate  mixing,  this  material  was  agitated  in  a  Spex  Mixer  for 
10  minutes.  It  was  found  that  a  uniform  distribution  of 
sample  in  the  KBr  matrix  was  obtained  within  this  mixing 
time.  From  this  mixed  sample,  a  carefully  weighed  0.5  gm 
aliquot  sample  was  taken  for  pressing.  The  use  of  an  initial 
10-gm  charge  materially  minimized  the  weighing  and  mixing 


errors . 
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The  0.5  gins  of  aliquot  sample  was  transferred  into 
the  11/4  inch  diameter  die  chamber  and  a  force  of  20  tons 
was  applied  to  the  disc  for  15  minutes.  The  resulting 
sample  disc  was  brittle,  thin,  and  transparent.  Extreme 
care  was  necessary  in  removing  the  disc  from  the  die  chamber. 
In  each  case,  the  infrared  spectrum  of  the  sample  disc  was 
taken  immediately  after  it  was  formed.  A  Perkin  Elmer  221G 
double-beam  spectrophotometer  was  used  for  obtaining  the 
infrared  spectra. 

The  infrared  spectra  of  pure  fatty  acids  in  liquid 
state  were  recorded  directly  using  Irtran-2  (Barnes  Engineer¬ 
ing  Co.)  as  a  window  material. 

D.  Modified  Hallimond  Tube  Tests 

All  the  flotation  experiments  were  conducted  at  room 

(14) 

temperature  using  a  modified  Hallimond  Tube  apparatus. 

The  flotation  tests  were  carried  out  as  follows: 

(a)  Two  grams  of  pure  barite  sample  (-100  +200  mesh) 
was  placed  in  a  200  ml  volumetric  flask  and  filled 
with  the  collector  solution. 

(b)  The  slurry  was  conditioned  in  the  flask  for  20 
minutes,  and  then  transferred  to  the  Hallimond  Tube. 

(c)  Purified  nitrogen  gas  was  passed  through  the 
cell  while  constant  stirring  was  provided  by  a  mag¬ 
netic  stirrer.  The  float  product  was  collected  for 
2  minutes.  The  flow  of  nitrogen  gas  and  stirring 
gp0g(j  were  kept  constant  for  all  the  experiments. 
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Fig.  9. 


Flotation  Apparatus 
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The  flotation  recovery  of  barite  was  determined  for 
various  concentrations  of  different  fatty  acids.  The  effect 
of  pH  on  flotation  recovery  was  also  determined.  A  diagram 
of  the  flotation  apparatus  is  shown  in  Fig.  9. 
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EXPERIMENTAL  RESULTS  AND  DISCUSSION 

1.  Electrokinetic  Surface  Phenomena 

To  study  the  reaction  occurring  at  the  solid-liquid 
interface  in  detail,  a  series  of  zeta  potential  measurements 
was  performed  for  barite  and  quartz.  From  the  electropho¬ 
retic  mobility  data  (data  are  presented  in  Appendix  A) ,  zeta 
potential  were  calculated  using  the  Smoluchowski ' s  equation: 

v  =  ^-D--E 
e  4  n  n 

where  ve  is  the  electrophoretic  mobility,  D  the  dielectric 
constant,  and  n  the  absolute  viscosity  of  the  medium.  Con¬ 
ditions  for  the  application  of  Smoluchowski ' s  equation,  in 
electrophoresis,  are  that  the  double  layer  be  thin  compared 
to  the  particle  size  and  that  the  surface  conductance  be  so 
small  that  the  externally  applied  potential  field  is  not 
disturbed.  Since  the  diameters  (d)  of  the  solid  particles 

under  observation  were  larger  than  1  micron,  and  the  double 

_  2 

layer  thickness  (t)  seldom  exceeds  10  microns,  the  ratio 

of  particle  diameter  to  double  layer  thickness  (d/x)  will  be 

greater  than  100.  Therefore,  the  use  of  Smoluchowski ' s 

/  35  \ 

equation  is  justified.  '  '  Correction  for  the  relaxation 

effect,  originating  from  the  surface  conductance,  may  not  be 
necessary,  since  the  effects  become  insignificant  for  very 
large  values  of  d/x.  Bulk  values  of  D  and  n  can  also  be 

used  in  our  experimental  conditions  without  introducing 
significant  errors  .  ^26^28^  The  derivation  of  Smoluchowski  '  s 
equation,  together  with  its  limitation  for  practical  systems. 
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is  explained  in  detail  in  Appendix  B. 

A.  Variation  of  Zeta  Potential  as  a  Function  of  pH 

In  flotation  systems  the  hydrogen  ion  plays  a  very 
important  role  in  determining  the  hydration  and  the  electro- 
kinetic  properties  of  a  solid  surface.  The  hydrogen  ion  can 
also  control  the  degree  of  dissociation  of  the  collector 
molecules,  change  the  ionic  composition  of  the  solution,  and 
even  interact  with  the  collector  species  directly. 

Fig.  10  shows  the  variation  of  zeta  potential  of 
barite  and  quartz  as  a  function  of  pH.  It  can  be  seen  that 
the  zpc  of  the  barite  is  at  a  pH  of  about  4.5.  The  zeta 
potential  of  quartz,  on  the  other  hand,  is  negative  over  the 
pH  range  investigated,  and  decreased  towards  zero  with  high 
hydrogen  ion  concentration. 

The  potential  determining  role  of  the  H+  ion  for 

(17) 

quartz  has  been  explained  by  Gaudin  and  Fuerstenau. 

The  structure  of  quartz  is  believed  to  be  an  infinite,  three- 

4- 

dimensional  arrangement  of  tetrahedron-shaped,  SiO^  complex 
anions. ^  A  large  number  of  polar  sites  are  produced  on 
the  surface  upon  the  fracture  of  Si-0  bonds.  When  a  crushed 
quartz  particle  is  immersed  in  water,  the  surface  becomes 
negatively  charged  by  the  reaction  of  the  exposed  polar  sites 
with  H~*"  and  OH  ions  followed  by  the  ionization  of  H  ions 
from  the  surface  silicic  acids.  The  mechanism  for  the  origin 
of  the  electrical  charge  of  quartz  in  aqueous  solution  is 


shown  as  follows : 
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Variation  of  Zeta  Potential  of  Barite 
and  Quartz  as  a  Function  of  pH 
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As  can  be  seen  from  the  above  schematic  diagram,  the  surface 
potential  of  quartz  is  determined  by  the  degree  of  dissocia¬ 
tion  of  surface  silicic  acid.  If  the  pH  of  the  solution  is 
increased,  the  dissociation  of  H+  ion  from  the  surface  will 
also  be  increased  thus  providing  more  negative  charges  on 
the  surface. 

The  potential-determining  role  of  H+  ion  for  the 
salt-type  minerals  is  inexplicable  by  the  classical  poten¬ 
tial-determining  ion  concept.  The  variation  of  zeta 

potential  for  several  salt-type  minerals  as  a  function  of 

(15) 

pH  has  been  measured  by  Fuerstenau  and  Gutierrez.  Their 

experimental  results  also  showed  that  the  surface  potential 
of  salt-type  minerals  varies  considerably,  and  even  changes 
sign  in  different  pH  solutions.  However,  the  theoretical 
considerations  regarding  the  electrostatic  interactions 
between  H+  ions  and  the  surface  of  a  salt-type  mineral  have 
not  been  made . 


Experimental  results  in  Fig.  10  show  that  the  zeta 
potential  of  barite  is  negative  above  a  pH  of  4.5,  and  posi¬ 
tively  charged  when  the  pH  is  lower  than  4.5.  When  barite 
particles  are  immersed  in  an  aqueous  solution,  some  of  the 


I 
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Ba++  and  SO^  ions  are  hydrated  and  go  into  the  solution 
phase.  Because  of  the  higher  hydration  energy  of  the  Ba++ 
ion  than  the  SO^  ion, ^5)  more  ga++  ions  are  transferred 
into  the  solution  leaving  behind  electrons  on  the  surface, 
resulting  in  a  negative  surface  potential.  In  this  way,  the 
barite  particles  have  a  negative  surface  charge  in  a  neutral 
solution.  With  increasing  ionic  concentration,  the  surface 
potential  of  a  solid  should  be  reduced  to  zero  if  one  con¬ 
siders  only  electrostatic  interaction  between  the  surface 

(35) 

and  the  ions  in  solution.  The  variation  of  the  surface 

potential  as  a  function  of  the  concentration  of  a  particular 
ion,  therefore,  immediately  suggests  some  kind  of  special 
forces  exist  between  a  solid  and  certain  ions.  These  forces 
are  stronger  than  the  electrostatic  forces  and  are  able  to 
interact  over  the  potential  barrier  of  the  surface  electrical 
double  layer.  There  are  two  possible  mechanisms  which  can 
be  used  to  explain  why  the  surface  potential  of  barite  changes 
from  negative  to  positive  with  increasing  H+  ion  concentra¬ 
tion: 

(a)  The  Debye-Hiickel  limiting  law  suggests  that  the 
presence  of  a  large  amount  of  inert  electrolyte 
exerts  an  appreciable  influence  (salt  effect)  on  the 
degree  of  dissociation  of  a  slightly  soluble  salt. 

The  salt  effect  is  large  with  a  high  electrolyte 
concentration.  The  hydration  energy  for  an  ion  of 
a  crystal  lattice  can  also  be  varied  by  the  presence 
of  a  specific  ion  in  the  liquid  phase. 


If  a  barite 
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surface  is  in  contact  with  an  acid  solution,  the  H+ 
ion  will  accumulate  on  the  surface  more  than  the 
other  ions  because  of  its  small  size  and  higher  ionic 
activity.  In  this  case,  it  would  be  easier  for 

the  SO^  ions  to  leave  their  crystal  lattice  than 
the  Ba++  ions.  Therefore,  more  Ba++  ions  would  be 
concentrated  on  the  surface  than  the  SO^  ions, 
providing  a  positive  surface  potential. 

(b)  An  alternate  explanation  regarding  this  kind  of 
surface  adsorption  phenomenon  can  be  made  by  employ¬ 
ing  the  ligand-field  treatment  of  atomic  orbital 
theory.  It  is  observed  that  the  bond  strength  in  the 

surface  layer  is  about  13  percent  or  more  greater 

(12) 

than  the  strength  inside  the  crystal.  In  other 

words,  the  free  surfaces  will  tend  to  adsorb  appro¬ 
priate  ions  or  molecules  from  the  solution  in  order 
to  be  in  lower  energy  states.  For  this  kind  of 
reaction,  the  adsorbate  approaches  the  surface  and 
overlaps  with  the  atomic  orbitals  which  may  appear 
from  the  solid  surface.  The  overlapping  of  atomic 
orbitals  will  be  favorable  for  the  ions  of  small 
size  because  of  their  close  approach  to  the  surface. 
This  overlapping  is  not  favorable  for  ions  with  an 
inert  gas  type  of  electronic  configuration  because 
of  their  stable  and  high  sealing  effects.  When 
barite  is  immersed  in  acidified  water,  some  of  the 
H+  ions  will  overlap  the  S04 


ions  on  the  surface. 
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Fig.  11.  Hydrogen  Ion  Adsorption  on  Barite  and  Quartz 
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With  increasing  H+  ion  concentration,  more  and  more 
H  ions  are  adsorbed  on  the  barite  surface  resulting 
in  a  positive  charge.  The  overlapping  of  H+  ions 
can  proceed  over  the  coulombic  potential  barrier  of 
the  electrical  double  layer,  and  above  a  certain 
point,  the  barite  surface  obtains  a  positive  charge. 
Fig.  11  provides  evidence  regarding  the  preferential 
adsorption  of  H+  ions  on  the  barite  surface.  The  experimen¬ 
tal  results  indicate  that  barite  surface  will  adsorb  H+  ions 
even  from  a  solution  with  a  pH  of  9.0  (where  the  ratio  of  H+ 
to  OH  ions  is  one  to  ten  thousand) .  On  the  other  hand,  the 
quartz  surface  does  not  show  any  appreciable  attraction  for 

either  the  H+  or  OH  ions.  Similar  experiments  were  con- 

(7) 

ducted  for  the  silicate  minerals  by  Deju  and  Bhappu. 

Their  experimental  results  showed  that  the  reactions  between 
the  silicate  minerals  and  acidified  water  involve  mainly  an 
exchange  of  metal  ions  for  H+  ions,  leading  to  an  increase 
in  the  pH  of  the  solution  phase.  They  assumed  the  hydrolysis 
between  exposed  metal  ions  of  the  crystalline  lattice  may 
take  place,  and  for  this  reason,  the  crystal  surface  may  gain 
additional  H*  ions  and  the  aqueous  phase  may  acquire  further 
alkalinity.  The  mechanisms  of  ion  exchange  and  hydrolysis 
of  surface  metal  ions,  however,  can  not  fully  explain  the 
specific  adsorption  nature  of  H  ions  on  the  barite  surface 
because  these  two  mechanisms  will  always  tend  to  make  the 
surface  electrically  neutral. 


■ 
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B.  Variation  of  Zeta  Potential  in  Different  Electrolyte 

Solutions 

The  zeta  potential  of  barite  and  quartz  was  measured 
in  solution  with  varying  amounts  of  Ba++  ion  (in  chloride 
form)  at  several  selected  pH  levels.  (see  Fig.  12)  Fig. 12 
shows  that  a  positive  change  in  zeta  potential  of  barite 
always  occurs  with  increasing  Ba++  ion  concentration.  The 
surface  potential  of  quartz  reduced  to  zero  as  the  Ba++  ion 
concentration  is  increased.  The  Ba++  ion  is  the  potential 
determining  ion  for  barite.  Therefore,  with  increasing  Ba++ 
ion  concentration,  some  of  the  Ba  ions  in  the  solution 
phase  will  adsorb  on  the  barite  surface  resulting  in  a  posi¬ 
tive  surface  potential.  Reduction  of  zeta  potential  of 
quartz  with  increasing  the  Ba++  ion  concentration  results 
from  the  compression  of  the  double  layer. 

The  effect  of  oleate  concentration  on  the  zeta  poten¬ 
tial  of  barite  was  determined  for  three  different  initial  pH 
conditions  as  shown  in  Fig.  13.  The  pH  levels  were  chosen 
so  that  the  initial  surface  charge  was  positive,  zero,  and 
negative.  As  may  be  observed  in  Fig.  13,  the  zeta  potential 
of  barite  always  becomes  more  negative  with  increasing  con¬ 
centration  of  Na-oleate  in  solution.  The  zeta  potential  of 
quartz  does  not  show  a  consistant  negative  change  with  in¬ 
creasing  oleate  concentration.  These  experimental  results 
indicate  that  the  presence  of  oleate  ions  had  a  much  greater 
influence  on  the  zeta  potential  of  barite  than  for  quartz. 
Earlier  workers  interpreted  the  observed  changes  in  zeta 
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Fig.  12.  Variation  of  Zeta  Potential  as  a  Function  of 
the  BaCl2  Concentration 

(Filled  Symbols:  Barite,  Open  Symbols:  Quartz) 


Zeta  Potential  (£)  -  Millivolts 
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Fig.  13.  Variation  of  Zeta  Potential  as  a  Function  of 
Na-Oleate  Concentration 

(Filled  Symbols:  Barite,  Open  Symbols:  Quartz) 
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potential  which  occurred  upon  the  addition  of  a  surface- 

.  ( 12 )  ( 17 ) 

active  electrolyte,  as  due  to  hemimicelle  formation.  '  ' 

The  special  attractive  forces  causing  ionic  association  at 

the  solid  surface  originate  from  the  dispersion  forces 

among  the  collector  hydrocarbon  chains. 

2 .  Infrared  Studies  on  Adsorbed  Fatty  Acids 

A.  C-H  Stretching  Vibrations 

An  infrared  spectrum  presents  an  analysis  of  the 
vibrational  modes  in  molecules,  it  can  often  represent  the 
most  characteristic  single  feature  of  a  molecule.  Therefore, 
an  infrared  investigation  can  directly  identify  the  adsorbed 
species  on  a  solid  surface.  In  addition,  the  state  of  the 
adsorbent  surfaces  prior  to  and  following  a  treatment  in 
collector  solutions  can  be  characterized  by  observing  the 
changes  in  the  infrared  spectra. 

The  spectrum  of  the  C-H  stretching  mode  in  a  hydro¬ 
carbon  chain  is  shown  in  Fig.  14.  The  unsaturated  acids 
exhibit  an  infrared  absorption  band  (A)  at  about  2995  cm 
which  is  attributable  to  the  C-H  bonds  adjacent  to  the  C=C 
double  linkage.  This  band  is  similar  in  shape  and  position 
for  the  unsaturated  fatty  acids,  i.e.  oleic,  linoleic  and 
linolenic  acids.  The  intensity  of  this  band  relative  to  the 
methylene  C-H  stretching  bands  (D  and  E)  increases  with  the 
degree  of  the  unsaturation.  With  increasing  unsaturation  in 
the  hydrocarbon  chain,  the  intensity  of  the  C-H  stretching 
bands  for  methylene  groups  is  weakened.  Accordingly,  the 
observed  changes  of  relative  intensity  of  band  A  to  band  D 
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Typical  Infrared  Spectrum  of  an  Unsaturated 
Fatty  Acid. 


Fig.  14. 
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can  be  used  to  evaluate  the  degree  of  unsaturation  of  a 
hydrocarbon  chain.  The  adsorption  bands  at  2950  and 

2870  cm  ^  (B  and  C)  represent  the  antisymmetry  and  symmetry 
stretching  vibration  bands  of  the  terminal  methyl  group  in 
a  hydrocarbon  chain.  For  the  saturated  fatty  acids,  the 
band  at  2995  cm  ^  (A)  does  not  appear  and  the  relative  in¬ 
tensity  of  band  D  and  E  to  B  and  C  is  increased  with 
increasing  carbon  length  in  the  hydrocarbon  chain. 

B.  Infrared  Spectra  of  Various  Kinds  of  Fatty  Acids 

Adsorbed  on  Barite 

The  C-H  stretching  spectra  of  fatty  acids  adsorbed 
on  barite  particles  are  shown  in  Fig.  15.  Infrared  spectra 
of  pure  fatty  acids  were  also  taken  for  C-8  and  C-12  and 
compared  to  adsorbed  ones.  For  the  pure  fatty  acids  with 
hydrocarbon  lengths  of  C-8  and  C-12,  the  adsorption  bands 
representing  the  methylene  vibration  (2920  and  2850  cm 
have  a  higher  intensity  than  that  of  the  terminal  methyl 
group.  As  would  be  expected,  the  C-H  band  due  to  an  adjacent 
C=C  linkage  does  not  appear  in  the  spectra  of  the  unadsorbed 
fatty  acids.  In  the  spectra  of  the  n-saturated  fatty  acids 
adsorbed  on  barite,  a  new  band  appears.  This  new  band 
corresponds  to  C-H  stretching  which  is  adjacent  to  a  C=C 
group.  For  the  fatty  acids  with  a  carbon  length  less  than 
12,  the  methylene  group  adsorption  bands  (2920  and  2850  cm 
are  also  diminished  upon  adsorption.  A  sudden  increase  in 
the  adsorption  intensity  of  adsorbed  fatty  acids  above  C-14 
carbon  length  was  observed.  This  increase  may  be  attribu- 
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Fig.  15.  Infrared  Spectra  of  N-saturated  Fatty  Acids  Adsorbed 
on  Barite  (Conc.=10”3mole/L,  pH^lO.O) 
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table  to  the  low  solubility  of  the  long  hydrocarbon  chain 
fatty  acids  in  their  sodium-salt  form. 

Fig.  16  shows  the  infrared  spectra  of  adsorbed 
unsaturated  fatty  acids  all  having  a  carbon  length  of  18  but 
with  differing  structure.  With  increasing  unsaturation  of 
the  hydrocarbon  chain,  the  intensity  due  to  methylene  groups 
is  decreased,  whereas,  the  terminal  methyl  group  bands  (2950 
and  2870  cm  show  no  appreciable  changes. 

The  above  experimental  results  provide  strong  evi¬ 
dence  of  direct  interaction  between  the  hydrocarbon  chains 
and  the  barite  surface.  From  this  interaction,  new  carbon- 
carbon  double  bonds  are  formed  in  the  hydrocarbon  chain  at 
the  expense  of  the  methylene  groups.  H-C  bonds  in  a  methy¬ 
lene  group  are  covalent  in  nature.  Therefore,  the  electrons 
in  a  methylene  group  are  localized  around  the  central  carbon 
atom.  When  a  hydrocarbon  chain  is  in  contact  with  the  sur¬ 
face  of  barite,  some  of  the  electrons  in  the  surface  SO^  ions 
probably  shift  to  the  hydrogen  atoms.  This  shift  of  electrons 
will  lead  to  formation  of  C=C  bonds  in  the  adsorbed  hydrocar¬ 
bon  chain. 

C.  Infrared  Spectra  of  Adsorbed  Oleate  in  Different 

Concentrations 

Infrared  spectra  of  adsorbed  oleate  in  different 
concentrations  are  shown  in  Fig.  17.  The  methylene  group 
adsorption  bands  are  gradually  diminished  with  decreasing 
concentration  of  oleate  in  the  solution.  The  overall  inten 
sity  of  adsorption  bands  is  increased  only  slightly  by  the 
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17.  Infrared  Spectra  of  Na-Oleate  Adsorbed  on  Barite  in  Different  Concentrations 
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increase  of  oleate  concentration  from  10  to  10  mole/ 
litre.  There  seems  to  be  a  strong  interaction  between  the 
barite  surface  and  the  oleate  species  of  the  first  adsorbed 
layer  leading  to  double  bond  formation  in  the  hydrocarbon 
chain.  This  reaction  proceeds  until  a  monolayer  coverage  is 
obtained.  After  formation  of  the  first  adsorbed  layer,  the 
multilayer  adsorption  seems  to  take  place  by  weak  physical 
forces.  These  physical  forces  are  made  up  of  the  attractive 
dispersion  forces  among  the  hydrocarbon  chains  and  the  elec¬ 
trostatic  repulsive  forces  among  the  ionic  collector  heads. 
The  net  balance  of  these  forces,  repulsive  and  attractive, 
determines  the  depth  of  the  multilayer.  With  a  high  concen¬ 
tration  of  oleate  species,  some  of  the  oleate  ions  are  hydro¬ 
lyzed  and  this  hydrolyzed  neutral  collector  species  would  be 
easily  adsorbed  on  the  top  of  the  monolayer  since  only  very 
weak  repulsive  forces  would  be  expected.  This  increase  in 
adsorbed  collector  multilayer  thickness  would  account  for  the 
observed  slight  increase  in  infrared  adsorption  intensity 
for  the  higher  concentration  of  oleate  species. 

D.  Infrared  Spectra  of  Adsorbed  Oleate  at  Different 

pH  Levels 

Fig.  18  shows  the  effects  of  H+  ion  on  the  adsorption 
of  fatty  acid  on  a  barite  surface.  These  spectra  show  that 
the  overall  intensity  of  the  infrared  adsorption  bands  in¬ 
creases  with  decreasing  pH  indicating  an  increase  in  the 
amount  of  adsorbed  collector  on  the  barite  surface.  This 
increase  in  the  amount  of  adsorbed  collector  would  be 
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Wave  Number  -  cm 


18.  Infrared  Spectra  of  Na-Oleate  Adsorbed  on  Barite 
in  Different  pH.  (Na-Oleate:  10  3  mole/L) 
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expected,  since  at  low  pH  levels,  a  high  proportion  of  the 
collector  would  be  present  as  neutral  molecules.  (The  ad¬ 
sorbed  oleate  spectrum  for  pH  =  2  is  nearly  identical  to 
that  of  unadsorbed  oleic  acid.)  With  a  high  proportion  of 
neutral  molecules,  the  repulsive  forces  originating  from  the 
charged  ionic  heads  would  not  be  effective  in  limiting  the 
thickness  of  the  adsorbed  collector  layer.  It  is  also  ob¬ 
served  that  with  increasing  pH,  the  relative  height  of  the 
infrared  adsorption  bands  of  the  C-H  in  methylene  group 
decreases, whereas  the  adsorption  band  resulting  from  the 
C=C  group  is  increased.  This  observation  again  indicates 
that  double  carbon-carbon  bonds  are  formed  during  the  adsorp¬ 
tion  reaction. 

3.  Flotation  Experiments 

It  has  long  been  recognized  in  froth  flotation  that 
the  hydrocarbon  chain  of  a  collector  molecule  provides  the 
hydrophobici ty  to  the  normally  hydrophilic  mineral  surface. 

A  large  amount  of  experimental  and  theoretical  work  has  been 
done  in  an  attempt  to  understand  how  the  structure  and  the 
length  of  a  collector  hydrocarbon  chain  affects  its  collect¬ 
ing  properties.  It  has  been  well  established  that  the 
collecting  power  is  normally  increased  by  increasing  the 
hydrocarbon  length  of  a  collector.  On  the  other  hand,  the 
solubility  of  collectors  having  very  long  hydrocarbon  chains 
is  very  low,  with  the  result  that  their  collecting  power  is 
sharply  reduced.  Unsaturation  in  the  hydrocarbon  chain  also 
affects  the  collecting  properties.  It  is  believed  that  the 
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unsaturated  fatty  acids  are  normally  better  flotation 
collectors  than  their  saturated  homologues . ^  With  in¬ 
creasing  unsaturation,  a  slight  decrease  in  collecting  power 
is  generally  observed. 

A.  Flotation  Recovery  of  Barite  as  a  Function  of  the 
Concentration  of  Various  Fatty  Acids 
Fig.  19  shows  the  recovery  vs.  the  concentration  of 
n-saturated  fatty  acids  having  different  carbon  lengths. 

For  the  experimental  conditions  used,  the  fatty  acid  with 
C-6  does  not  have  any  appreciable  collecting  power  for  the 
barite.  With  increasing  carbon  atoms  in  the  hydrocarbon 
chain  from  8  to  14,  the  collecting  power  increases  almost 
10-fold  for  every  additional  2  carbon  atoms.  Above  C-16,  the 
collecting  power  drops  sharply  due  to  the  reduced  solubility. 

Another  interesting  phenomenon  observed  in  this 
experiment  is  that  the  flotation  recovery  is  reduced  when 
very  high  concentrations  of  long-chain  n-saturated  fatty 
acids  (above  C-14)  are  used.  The  commonly  held  explanation 
for  this  phenomenon  has  been  the  formation  of  a  bimolecular 
layer  with  collector  molecules  in  the  second  layer  having 
their  charged  heads  exposed  to  the  liquid  phase  (see  Fig. 

3B) . ^  This  explanation,  however,  does  not  seem  to  be  valid 
for  the  fatty  acid-type  collectors  for  the  reasons  already 
cited  in  Theoretical  Review. 

Fig.  20  shows  the  effect  of  unsaturation  of  the 
hydrocarbon  chain  on  the  collecting  properties  of  fatty  acids. 
Flotation  recovery  is  reduced  in  the  order  of  oleate,  lino- 
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Fig.  19.  Flotation  Recovery  of  Barite  as  a  Function  of  the  Concentration 
of  N-saturated  Fatty  Acids  (at  pH  9.5) 
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Fig.  20.  Flotation  Recovery  of  Barite  as  a  Function  of  the 
Concentration  of  Unsaturated  Fatty  Acids  with 
18  Carbon  Atoms  (at  pH  9.5) 
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leate  and  linolinate.  This  order  is  not  consistant  but 
varies  with  the  mineral  used,  and  the  flotation  conditions 
employed  for  the  tests . (18) (24) (39)  Generally  oleic  acid 
with  one  double  bond  has  proven  to  be  superior  to  both 
linoleic  (two  C=C)  and  linolenic  (three  C=C)  acids.  Two 
possible  reasons  can  be  considered: 

(a)  With  increasing  double  bonds  in  the  hydrocarbon 

chain,  the  susceptibility  of  the  collector  to  oxida- 

(39) 

tion  is  increased.  Any  oxidation  of  the  collec¬ 

tor  will  reduce  its  collecting  properties. 

(b)  The  carbon-carbon  double  bond  is  polar  in 

(23) 

nature,  thus  an  increase  in  the  number  of  these 

bonds  will  reduce  the  hydrophobicity  of  the  collector. 

B.  Effects  of  pH  on  the  Recovery  of  Barite 

Fig.  21  shows  the  effects  of  pH  on  the  flotation 
recovery  of  barite  in  a  solution  containing  10  4  mole/litre 
of  Na-oleate.  As  can  be  seen  from  Fig.  21,  the  recovery  of 
barite  drops  sharply  as  the  pH  is  decreased  to  less  than  4.0. 
Infrared  studies  regarding  adsorbed  oleate  from  different  pH 
solutions  (Fig.  18) ,  show  that  the  adsorption  of  oleate  is 
greatly  enhanced  at  low  pH  levels.  Therefore,  in  acidic 
solutions,  the  flotation  recovery  is  reduced  even  though 
overall  adsorption  density  is  increased.  Peck  and  Wadsworth 
explained  this  phenomenon  interms  of  physical  and  chemical 
adsorption. ^32^  In  their  words,  "a  physically  adsorbed 
collector  species  can  not  provide  flotability  to  the  solid 
surface  while  a  chemisorbed  species  can".  This  explanation 
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Flotation  Recovery  of  Barite  as  a  Function  of  pH 
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is,  however,  so  general  in  nature  that  it  provides  little 
insight  into  the  mechanisms  involved  in  adsorption. 

4.  New  Adsorption  Model  for  Fatty  Acid-Type  Collectors 

Theoretical  considerations  regarding  the  adsorption 
mechanism  of  fatty  acid-type  collectors,  mentioned  earlier 
in  this  thesis,  proposed  that  the  compact  monolayer  formation 
of  collectors,  with  their  polar  heads  attached  to  the  solid 
surface,  is  rather  unrealistic  (see  Fig.  3B) .  Infrared 
tests,  performed  for  this  thesis,  confirmed  the  direct  inter¬ 
action  between  the  collector  hydrocarbon  chain  and  the  mi¬ 
neral  surface.  As  a  result  of  this  evidence,  a  new  collector 
adsorption  model  for  the  fatty  acid-type  collectors  is  pro¬ 
posed.  This  model,  together  with  a  schematic  diagram  of  air 
bubble  attachment  on  a  collector-conditioned  solid  surface 
is  given  in  Fig.  22.  Fig.  22A  illustrates  what  happens  when 
the  collector  is  highly  ionized  i.e.  in  highly  alkaline 
solutions.  The  ionized  collector  species  are  held  on  the 
solid  surface  by  a  strong  interaction  between  the  hydrocarbon 
chains  and  the  solid  surface.  These  adsorption  forces  should 
be  strong  enough  to  keep  the  collector  species  on  the  surface 
over  the  electrostatic  repulsive  forces  between  the  collector 
heads  and  the  charged  surface.  In  the  second  adsorbed  layer, 
the  repulsive  forces  among  the  charged  collector  heads  will 
be  greater  than  the  weak  attractive  forces  among  the  hydro¬ 
carbon  chains.  Therefore,  in  this  situation,  a  thick  multi¬ 
layer  formation  appears  to  be  very  unlikely.  When  an  air 
bubble  approaches  this  collector-conditioned  surface,  the 
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air  bubble  can  make  contact  with  the  first  adsorbed  layer. 
Because  of  the  hydrophobic  nature  of  the  hydrocarbon  chains, 
the  particles  are  amenable  to  flotation.  (See  Fig.  22A) . 

In  this  model,  the  size  ratio  between  the  hydrocarbon  chain 
and  the  polar  head  is  expected  to  play  a  very  important  role 
in  making  the  surface  hydrophobic.  The  size  of  polar  heads 
in  fatty  acids  are  same  while  the  length  of  the  hydrocarbon 
chains  varies  according  to  the  structure  and  the  number  of 
carbon  atoms  in  a  collector  molecule.  For  the  fatty  acids 
with  less  than  6  carbon  atoms,  the  hydrophilic  polar  parts 
are  predominant  and  therefore,  do  not  give  any  flotability 
even  when  adsorbed  on  a  solid  surface. 

Multilayer  formation  of  collector  is  favorable  under 
the  following  conditions: 

(a)  a  long  hydrocarbon  chain  collector  is  used,  (b) 
high  collector  concentration,  and  (c)  at  a  low  pH.  With 
these  conditions,  the  repulsive  forces  among  the  polar 
collector  heads  are  reduced  considerably  because  of  the 
appearance  of  neutral  molecular  species  in  the  adsorbed  layer. 
Therefore,  the  multilayer  formation  is  possible.  With  in¬ 
creasing  adsorption  density  of  collector,  an  electrical 
charge  accumulation  take  place  causing  further  adsorption  to 
cease.  Attractive  forces  and  repulsive  forces  among  collec¬ 
tor  species  are  balanced  in  the  multilayer,  and  consequently 
continuous  adsorption  and  desorption  takes  place  in  the 
outermost  part  of  the  multilayer.  If  an  air  bubble  approaches, 
only  some  of  the  outermost  collector  species  would  be  picked 
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up  by  the  air  bubble,  leaving  the  particle  in  solution  un¬ 
affected  by  the  bubble  contact  (see  Fig.  22B) . 
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SUMMARY  AND  CONCLUSIONS 

Experimental  results  obtained  by  various  kinds  of 
experimental  thechniques  enable  certain  conclusions  to  be 
drawn  regarding  the  collecting  mechanisms  of  fatty  acid- 
type  collectors. 

The  prime  results  obtained  from  the  experimental 
techniques  employed  for  this  thesis  are  as  follows: 

(1)  Surface  potential  of  barite  and  quartz  is  dependant 
upon  the  pH  of  the  solution.  Barite  will  specifically 
adsorb  H+  ions  from  the  solution  making  its  surface 
positively  charged  at  pH  levels  less  than  4.5.  The 
surface  potential  of  quartz  is  determined  by  the  dis¬ 
sociation  of  surface  silicic  acids. 

(2)  Surface  potential  of  barite  shows  enormous  changes  with 
different  concentration  of  Ba++  ion  and  Na-oleate.  It 
is  obvious  that  the  Ba++  ion  is  the  potential-determin¬ 
ing  ion  for  barite.  The  oleate  ion  seems  to  adsorb  on 
the  barite  surface  by  specific  adsorption  forces.  The 
surface  potential  of  barite  becomes  more  negative  with 
increasing  oleate  concentration. 

(3)  Infrared  spectra  for  adsorbed  fatty  acids  on  a  barite 
surface  showed  that  there  is  a  direct  interaction  be¬ 
tween  the  hydrocarbon  chains  and  the  solid  surface. 

New  C=C  double  bonds  are  formed  in  the  hydrocarbon 
chains  of  the  first  adsorbed  layer  at  the  expense  of 
the  “CH^-  (methylene)  groups.  The  surface  of  barite 
seems  to  act  as  a  catalyst  for  this  reaction. 
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(4)  In  ionic  form,  the  collector  species  adsorb  on  the 
barite  surface  as  a  thin  monolayer,  while  with  increased 
amounts  of  neutral  molecular  species  in  solution,  a 
multilayer  formation  take  place. 

(5)  Flotation  experimental  results  show  that  the  fatty  acids 
with  carbon  length  6,  or  less,  do  not  show  any  collec¬ 
ting  power  for  barite.  The  collecting  power  increases 
with  increasing  the  hydrocarbon  chain  length. 

(6)  The  collecting  power  of  a  fatty  acid  decreased  with 
increasing  unsaturation  in  the  hydrocarbon  chain. 

(7)  The  flotability  of  barite  is  very  low  in  acidic  solu¬ 
tions  even  though  the  overall  collector  adsorption 
density  is  very  high. 

Based  upon  the  above  experimental  results,  a  new 
model  for  fatty  acid  type  collector  adsorption  has  been 
proposed.  In  this  new  model,  the  importance  of  the  inter¬ 
action  between  the  hydrocarbon  chains  and  the  solid  surface 
is  emphasized.  The  main  difference  between  this  model  and 
previously  proposed  ones  is  that  the  new  model  predicts  that 
even  in  high  concentrations,  the  collector  species  are  lying 
parallel  to  the  surface.  Previous  models  proposed  that  the 
collector  species  are  erect,  with  their  hydrocarbon  chains 
extended  away  from  the  solid  surface  forming  a  compact 
monolayer . 

This  new  collector  adsorption  model  serves  to  explain 
the  following  characteristic  collecting  properties  of  fatty 
acid-type  collectors: 
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(1)  The  carbon  length  in  fatty  acid-type  collectors  is  very 
crucial  on  their  collecting  properties  when  compared 
with  xanthate-type  collectors. 

(2)  Reduction  of  flotability  in  very  concentrated  collector 
solutions . 

(3)  In  some  cases,  anionic  collectors  will  be  adsorbed  on 
a  negatively  charged  mineral  surface. 

(4)  Nonselective  collecting  properties. 


80 


REFERENCES 

(1)  Billett,  O.F.  and  Ottewill,  R.H.,  "The  Dependance  of 
Contact  Angle  on  the  Adsorption  of  Surface  Active 
Agents",  Wetting  S.C.I.  Monograph  No. 25,  Soc.  of  Chem. 
Indus.,  1967. 

(2)  Buckenham,  M.H.  and  Mackenzie,  J.M.W.,  "Fatty  Acids  as 
Flotation  Collectors  for  Calcite",  AIME  Trans.,  Vol. 
220,  p. 450 ,  1961. 

(3)  Castellan,  G.W.,  Physical  Chemistry,  Addison-Weslev 
Pub .  Co. ,  1966 . 

(4)  Clark,  A.,  Theory  of  Adsorption  and  Catalysis,  Academic 
Press,  New  York  and  London,  1970. 

(5)  Cook,  M. A. ,  "Hydrophobicity  Control  of  Surfaces  by 
Hydrolytic  Adsorption",  Hydrophobic  Surface  edited  by 
Fowkes,  F.M.,  155th  Meeting  of  Amer.  Chem.  Soc.  in 
1968,  Academic  Press,  New  York,  1969. 

(6)  Cook,  M. A.  and  Nixon,  J.C.,  "Theory  of  Water-Repellent 
Films  on  Solids  Formed  by  Adsorption  from  Aqueous 
Solutions  of  Heteropolar  Compounds",  J.  of  Phys .  and 
Coll.  Chem.,  Vol. 445,  1950. 

(7)  Deju,  R. A.  and  Bhappu,  R.N.,  "Relationship  of  Chemical 
Reactions  Between  Water  and  A  Silicate  Bed  to  the  Flow 
Equation"  AIME  Trans.,  p.115,  June,  1970. 

(8)  Eischens,  R.P.  and  Pliskin,  W.A.,  Advance  in  Catalysis, 
Vol. IX,  p.662.  Academic  Press,  New  York,  1957. 

(9)  Eitel,  W.,  The  Physical  Chemistry  of  Silicates,  Univ. 
Chicago  Press,  Chicago,  1954. 


. 


oi 


81 


(10)  Eyring,  E.M.  and  Wadsworth,  M.E.,  "Differential 
Infrared  Spectra  of  Adsorbed  Monolayer-n-Hexanethiol 
on  Zn  Minerals",  AIME  Trans.,  Vol.205,  p.531,  1956. 

(11)  French,  R.O.,  Wadsworth,  M.E.,  Cook,  M.E.  and  Cutler, 

I. B.,  "The  Quantitative  Application  of  Infrared 
Spectroscopy  to  Studies  in  Surface  Chemistry",  J.  of 
Phys.  and  Chem. ,  Vol.58,  p.805,  Oct.,  1954. 

(12)  Fuerstenau,  D.W.,  Froth  Flotation,  50th  Aniv.  Volume, 
AIME,  New  York,  1965. 

(13)  Fuerstenau,  D.W.  and  Modi,  H.J.,  "Streaming  Potentials 
of  Corundum  in  Aqueous  Organic  Electrolyte  Solutions", 

J.  of  Electrochem.  Soc.,  Vol.106,  p.336,  1959. 

(14)  Fuerstenau,  D.W.,  Metzger,  P.H.  and  Seele,  G.D.,  "How 
to  Use  This  Modified  Hallimond  Tube",  Eng.  and  Mining 
J. ,  Vol.158,  p.93,  March,  1957. 

(15)  Fuerstenau,  M.C.,  Gutierrez,  G.  and  Elgillani,  D.A. , 
"The  Influence  of  Sodium  Silicate  in  Nonmetallic 
Flotation  Systems",  AIME  Trans.  Presented  at  the  AIME 
Annual  Meeting  in  New  York,  Feb.,  1968. 

(16)  Gaudin,  A.M.,  Flotation ,  2nd  edition,  McGraw-Hill  Book 
Co.,  New  York,  1957. 

(17)  Gaudin,  A.M.  and  Fuerstenau,  D.W.,  "Quartz  Flotation 
with  Cationic  Collectors",  AIME  Trans.,  Vol.202,  1955. 

(18)  Gaudin,  A.M.  and  Cole,  R.E.,  "Double-Bond  Reactivity 
of  Oleic  Acid  During  Flotation",  Technical  Note,  AIME 
Trans.,  Vol.196,  p.418,  1953. 


" 

L.  . 


82 


(19)  Good,  J.R.,  "Closing  Discussion",  Wetting ,  S.C.I. 
monograph  No. 25,  Soc.  of  Chem.  Indus.,  1967. 

(20)  Greenwood,  N.N.,  Ionic  Crystals,  Lattice  Defects  and 
Non-stochiometry ,  Butterworths  Co.,  London,  1968. 

(21)  Haned,  H.S.  and  Owen,  B.B.,  The  Physical  Chemistry  of 
Electrolyte  Solutions,  Reinhold  Pub.  Corp.,  New  York, 
1943. 

(22)  Iwasaki,  I.,  Cooke,  S.R.B.,  Harraway,  D.H.  and  Choi, 
H.S.,  "Iron  Wash  Ore  Slimes-Some  Mineralogical  and 
Flotation  Characteristics",  AIME  Trans.,  Vol.223, 

p . 97 ,  1962. 

(23)  Iwasaki,  I.,  Cooke,  S.R.B.  and  Choi,  H.S.,  "Flotation 
Characteristics  of  Hematite,  Goethite,  and  Activated 
Quartz  with  18  Carbon  Aliphatic  Acids  and  Related 
Compounds",  AIME  Trans.,  Vol.217,  p.237,  1960. 

(24)  Kivalo,  R.  and  Lehmusvaara,  E.,  "Investigation  into 
the  Collecting  Properties  of  Some  of  the  Compounds  of 
Tall  Oil",  Trans.  Inti.  Mineral  Dressing  Cong., 
Stockholm,  p.577,  1957. 

(25)  Klassen,  V.I.  and  Mokrousov,  V.A. ,  An  Introd.  to 
Theory  of  Flotation,  English  Trans.,  Butterworths  Co., 
London,  1963. 

(26)  Li,  H.C.  and  deBruyn,  P.L.,  "Electrokinetic  and 
Adsorption  Studies  on  Quartz",  Surface  Sci.,  Vol.5, 
p.203,  1966. 

(27)  Long,  R.P.  and  Ross,  S.,  "An  Improved  Mass-Transport 
Cell  for  Measuring  Electrophoretic  Mobility",  J.  of 


' 


83 


Coll.  Sci.,  Vol.20,  p.438,  1965. 

(28)  Lyklema,  J.  and  Overbeek,  J.Th.G.,  "On  the  Interpreta¬ 
tion  of  Electrokinetic  Potentials",  J.  of  Coll.  Sci., 
Vol.16,  p.501,  1961. 

(29)  Lyons,  J.W. ,  "Sodium  Tri (poly ) phosphate  in  the  Kao- 
linite-Water  System",  J.  of  Coll.  Sci.,  Vol.19,  p.389, 

1964. 

(30)  Mining  Assoc,  of  Canada,  "Mining:  What  It  Means  to 
Canada",  1971. 

(31)  Morrison,  R.T.  and  Boyd,  R.N.,  Organic  Chemistry,  2nd 
edition,  Allyn  and  Bacon  Inc.,  Boston,  1966. 

(32)  Peck,  A. S .  and  Wadsworth,  M.E.,  "Infrared  Spectropho- 
tographic  Study  of  Oleate  Adsorption  on  Fluorite, 

Barite  and  Calcite",  Proceedings  VII  Inti.  Min.  Proc. 
Cong . ,  1964 . 

(33)  Poling,  G.W.,  "Infrared  Studies  of  Adsorbed  Xanthates", 
Ph.D.  Thesis,  Univ.  of  Alberta,  1963. 

(34)  Schmut,  R. ,  "Zeta  Potential  Measurements",  Chem.  and 
Phys .  of  Interfaces,  Amer.  Chem.  Soc.  Symp. ,  p.95,  1965. 

(35)  Senett,  P.  and  Oliver,  J.P.,  "Zeta  Potential",  Chem. 
and  Phys.  of  Interfaces,  Amer.  Chem.  Soc.  Symp.,  p.75, 

1965. 

(36)  Sinclair,  R.G.  and  McKay,  A.F.,  "The  Infrared  Absorption 
Spectra  of  Unsaturated  Fatty  Acids  and  Esters",  J.  of 
Amer.  Chem.  Soc.,  Vol.74,  p.2578,  1952. 

(37)  Smolik,  T.J.,  Harman  and  Fuerstenau,  D.W.,  "Surface 
Characteristics  and  Flotation  Behavior  of  Alumino- 


,  : 


84 


silicates",  AIME  Trans.,  Vol.235,  p.367,  1966. 

(38)  Stigter,  D.  and  Overbeek,  T.Th.G.,  "The  Energetics  of 
Highly  Charged  Spherical  Micelles  as  Applied  to  Na- 
Dodecyl  Sulfate",  Proc.  2nd  Inti.  Cong,  of  Surface 
Activity ,  Vol.l,  p.311,  Butterworths  Co.,  London,  1958. 

(39)  Sun,  S.C.,  "Single  Mineral  Flotation  with  Linolenic, 
Linoleic,  Oleic  and  Stearic  Acids",  AIME  Annual  Meeting, 
Feb.,  1959. 

(40)  Sutherland,  K.L.  and  Wark,  I.W.,  Principles  of  Flota¬ 
tion,  Australian  Inst,  of  Mining  and  Metallurgy, 

Me  lbourne ,  1955. 

(41)  Taggart,  A.F.,  Handbook  of  Mineral  Dressing,  John 
Wiley  &  Sons  Inc.,  1945. 

(42)  Wadsworth,  M.E.,  Conrady,  R.G.  and  Cook,  M.A. ,  "Contact 
Angle  and  Surface  Coverage  for  Potassium  Ethyl  Xanthate 
on  Galena  According  to  Free  Acid  Collector  Theory",  J. 
of  Phys.  and  Coll.  Chem. ,  Vol.55,  p.1219,  1951. 


.. 


APPENDIX 


85 


< 


33 

a. 

w 

> 


0 

•H 

4-> 

C 

0 

+J 

O 

O. 

0 

4-> 

0 

CM 


I 


H 

w 

t-q 

9 

Eh 


0 

4- > 
•H 

5- 1 

0 

OQ 

• 

< 


■K 

•fc 

•  > 

in 

00 

CP 

CD 

in 

in 

CO 

CM 

co 

r- 

CM 

CO 

CM 

uo 

CM 

a  e 

•  v — *" 

CM 

i — 1 

rH 

CM 

I — 1 

CP 

00 

CO 

o 

o 

CM 

00 

o 

[■" 

o 

CO 

00 

uo 

I — 1 

rH 

,  «  > 

• 

^  a 

co 

CP 

in 

rH 

C' 

co 

['■' 

CD 

00 

r- 

CP 

r- 

uo 

CM 

rH 

rH 

rH 

rH 

CO 

CO 

UO 

uo 

uo 

UO 

uo 

uo 

* 

*  y- — 

Cn  U 

rH 

r- 

CP 

CO 

in 

CD 

in 

r- 

r- 

r- 

uo 

r* 

CP 

ID 

>  0 

<  CO 

CP 

o 

co 

CP 

CM 

CD 

in 

co 

co 

co 

co 

CO 

CO 

•  — 

rH 

rH 

rH 

rH 

Eh 

CM 

CO 

rH 

00 

o 

CM 

o 

o 

00 

CP 

CP 

co 

CP 

CP 

ID 

CP 

CP 

in 

CP 

CM 

f" 

uo 

co 

co 

CO 

CO 

CO 

CO 

I — 1 

rH 

rH 

CM 

CM 

00 

CM 

00 

C- 

CP 

CP 

00 

00 

-sf 

rH 

00 

co 

CO 

O 

CM 

CO 

1 — 1 

CD 

in 

co 

co 

co 

CO 

CO 

co 

rH 

rH 

rH 

1 — 1 

CP 

■D 

in 

o 

rH 

in 

CP 

00 

co 

[■" 

rH 

co 

CP 

CO 

O 

1 — 1 

CD 

uo 

CO 

CO 

CO 

CO 

CO 

•'3* 

rH 

rH 

CM 

1 — 1 

CD 

CM 

m 

1 - 1 

in 

1 - 1 

o 

r- 

r- 

00 

ID 

uo 

CM 

CM 

ID 

CP 

1 - 1 

CO 

O 

rH 

CD 

UO 

CO 

CO 

co 

co 

CO 

rH 

rH 

CM 

rH 

U 

0  0 

1 - 1 

in 

0 

00 

00 

CD 

CD 

CM 

ID 

CO 

CP 

r- 

r- 

a  w 

“H  \ 

CP 

o 

rH 

CM 

in 

uo 

CO 

CO 

CO 

CO 

co 

co 

Eh  0 

1 — 1 

rH 

CM 

0 

rH 

C 

54 

tP  0 

rH 

CP 

CO 

O 

0 

CM 

o 

rH 

CM 

UO 

00 

r- 

r* 

ID 

UO 

C  5h 

• 

•H  0 

CO 

o 

in 

CM 

0 

O 

CD 

uo 

CO 

CO 

CO 

CO 

co 

CO 

rH  -H 

rH 

rH 

CM 

0 

1 - 1 

0  a 

a 

> 

CO 

in 

in 

1 - 1 

CD 

CM 

c- 

r- 

'D 

CO 

rH 

r" 

0  O 

5-m  in 

CP 

rH 

00 

0 

CM 

CD 

UO 

UO 

CO 

CO 

co 

co 

co 

rr 

Eh  «H 

rH 

rH 

l — 1 

c 

rH 

o 

CO 

o 

CM 

o 

in 

00 

CO 

CD 

r- 

ID 

00 

CM 

co 

CP 

o 

m 

1 - 1 

CM 

CD 

uo 

UO 

CO 

co 

co 

CO 

co 

rH 

rH 

CM 

rH 

o 

CO 

in 

00 

o 

CM 

uo 

CM 

UO 

CP 

uo 

uo 

U) 

r- 

CD 

o 

CM 

CM 

00 

CD 

uo 

in 

CO 

CO 

CO 

CO 

CO 

CO 

rH 

rH 

rH 

1 - 1 

rH 

CM 

CP 

o 

CM 

co 

00 

co 

CP 

00 

ID 

ID 

CD 

CD 

CP 

O 

rH 

uo 

CM 

CO 

CD 

CO 

CO 

CO 

co 

CO 

CO 

rH 

rH 

rH 

1 - 1 

in 

o 

o 

CP 

CP 

CP 

o 

CO 

CP 

uo 

co 

CP 

co 

00 

o 

CO 

in 

CD 

CO 

CD 

CO 

CO 

CO 

co 

CO 

rH 

rH 

rH 

rH 

0 

O'1 

• 

5h 

+ 

+ 

+ 

+ 

i 

1 

1 

I 

l 

1 

1 

1 

l 

1 

l 

0 

u 

in 

o 

in 

o 

m 

o 

CD 

o 

o 

o 

o 

o 

U> 

a 

uo 

o 

33 

CM 

CO 

CO 

m 

in 

CD 

r- 

00 

CP 

o 

o 

rH 

rH 

CM 

Pu 

rH 

rH 

rH 

rH 

rH 

■ 

■ 

TABLE  I  -  Zeta  Potential  vs  pH  (cont'd) 


86 


N 

-P 

P 

0 

2 

a 

PQ 


* 

*  ^ 

•  > 

00 

M4 

00 

00 

cd 

M4 

00 

CM 

CD 

CM 

CD 

CM 

M4 

Q  g 

• - 

rH 

1 — 1 

H 

CM 

CO 

o 

CD 

00 

m4 

1 — 1 

o 

00 

00 

CM 

00 

<D 

O 

r- 

> 

^  g 

rH 

CM 

cd 

<d 

M4 

m4 

00 

uo 

H 

o 

CM 

CM 

i — 1 

» — 1 

rH 

I — 1 

00 

in 

r" 

00 

00 

CD 

CD 

00 

00 

* 

•  — v 

Cn  O 

00 

m4 

cr> 

in 

in 

00 

00 

CD 

CD 

o 

>  0 

• 

<C  cn 

CD 

CD 

o 

m 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

00 

•  " 

1 - 1 

rH 

H 

Eh 

00 

cr\ 

CM 

m4 

cd 

O 

CM 

t" 

■'3* 

00 

^J4 

00 

CD 

CD 

ID 

O 

in 

00 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

1 - 1 

rH 

H 

CM 

ro 

in 

00 

H 

CD 

M4 

M4 

CM 

r- 

CD 

CD 

CD 

0" 

CTi 

m4 

00 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

l — 1 

o 

i-" 

CD 

CM 

00 

CM 

CD 

00 

CD 

CM 

00 

'34 

00 

O 

in 

m4 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

H 

H 

1 - 1 

o 

CD 

H 

CM 

CD 

CM 

00 

M4 

M4 

CD 

r- 

[■" 

CD 

00 

O 

in 

m4 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

H 

rH 

H 

O 

0  0 

■^r 

m4 

CD 

CM 

i"* 

00 

CD 

CM 

r — 1 

UO 

CO 

CD 

g  0 

•H  \ 

• — 1 

o 

m4 

M4 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Eh  10 

CM 

i — 1 

H 

0 

tn  O 

o 

00 

CM 

00 

H 

r> 

M4 

in 

00 

00 

CD 

00 

00 

0  P 

•H  O 

CM 

CO 

H 

m4 

M4 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

H  -H 

CM 

1 — 1 

• — 1 

g 

0  g 

O 

> 

[">• 

in 

in 

r- 

in 

00 

CD 

O 

00 

CD 

CM 

\ 

0  O 

-P 

P  LD 

CO 

CM 

i — 1 

in 

oo 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

00 

1 - 1 

EH  rH 

rH 

rH 

H 

0 

> 

CM 

oo 

CD 

in 

CD 

in 

CD 

*3* 

in 

M4 

OO 

o 

rH 

00 

CM 

in 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

oo 

H 

CM 

rH 

H 

00 

o 

uo 

CM 

<J\ 

H 

00 

UO 

00 

CO 

in 

UO 

CM 

■p 

00 

r- 

o 

CD 

00 

00 

CM 

CM 

CM 

CM 

CM 

CM 

00 

0 

1 — 1 

H 

H 

0 

•H 

o 

o 

00 

o 

r- 

CD 

r- 

m 

CM 

UO 

H 

00 

0 

CD 

00 

o 

CD 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CM 

P 

rH 

H 

1 — 1 

O 

o 

CM 

00 

CD 

cd 

r- 

uo 

CM 

OO 

CD 

^f4 

O 

0 

tn 

LD 

00 

o 

CD 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

00 

0 

1 - 1 

1 — 1 

H 

-P 

H 

0 

0 

Cn 

> 

P 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

-0 

•  • 

u 

p 

O 

in 

o 

o 

in 

CD 

o 

o 

O 

o 

O 

o 

o 

0 

S3 

g 

04 

CM 

CM 

00 

M4 

m4 

in 

CD 

1-" 

00 

CD 

o 

1 — 1 

CM 

0 

H 

I — 1 

1 - 1 

& 

0 

o 

•H 

-P 

rd 

•H 

0  > 
tD  0 
0  Q 
P 
0 
> 

< 

0 

g 

-H 

Eh 
* 


**  Standard 


• 

' 

TABLE  II  -  Zeta  Potential  vs  BaCln  Concentration 


87 


cu 

■p 

•H 

u 

td 

DQ 

• 

< 


* 

■K  — 

CTi 

tp 

CM 

co 

TP 

i — 1 

00 

CTC 

00 

CM 

m 

TP 

rH 

CO 

CM 

CTi 

r- 

CO 

CD 

•  > 

q  e 

CM 

rH 

rH 

CM 

CM 

CM 

rH 

rH 

co 

CM 

rH 

pH 

• 

CO 

- 

TP 

co 

in 

TP 

rH 

r- 

<Ti 

CO 

CO 

rH 

CM 

in 

CM 

r-> 

O 

TP 

CTi 

TP 

00 

.  .  > 

^  e 

no 

co 

in 

r-* 

o 

i — 1 

00 

r- 

in 

CM 

co 

co 

CO 

CD 

CM 

CD 

CM 

CD 

in 

' — ’ 

•H 

CO 

tp 

TP 

TP 

CO 

CM 

CM 

rH 

1 - 1 

CM 

co 

CO 

in 

in 

CM 

rH 

rH 

pH 

* 

• 

Cr>  - — - 
>  o 

tp 

r- 

in 

co 

r- 

CO 

!"• 

00 

in 

rH 

co 

TP 

pH 

O 

TP 

CTi 

TP 

<  Q) 

LD 

CD 

tp 

tp 

in 

CD 

n~ 

r- 

co 

r- 

<T\ 

CD 

CD 

co 

TP 

00 

CD 

CM 

CO 

•  0) 

i — 1 

rH 

rH 

pH 

rH 

pH 

Eh 

co 

co 

CM 

CM 

c- 

in 

co 

rH 

CT> 

00 

o 

00 

00 

co 

O 

CTi 

00 

rH 

00 

*p 

TP 

TP 

CD 

r-' 

r-~ 

TP 

CD 

O 

r-~ 

CD 

co 

TP 

CTi 

in 

CM 

CM 

l — 1 

rH 

rH 

rH 

rH 

rH 

rH 

00 

r" 

CD 

00 

00 

CD 

co 

o 

in 

in 

f" 

CM 

CTi 

pH 

rH 

CO 

o 

CM 

Tp 

CD 

Tp 

CO 

CD 

m 

CD 

i'' 

Tp 

r» 

Cl 

CD 

r- 

co 

TP 

<Ti 

["• 

co 

CO 

rH 

rH 

r — 1 

rH 

rH 

rH 

in 

tp 

in 

00 

CD 

CM 

<Ti 

00 

CM 

00 

1 - 1 

CD 

00 

rH 

TP 

r- 

00 

co 

CD 

tp 

CO 

CD 

CD 

r-~ 

co 

TP 

r- 

CD 

r" 

co 

TP 

CD 

TP 

CM 

TP 

rH 

rH 

rH 

rH 

rH 

pH 

rH 

00 

CD 

TP 

rH 

CM 

o 

CM 

CD 

o 

rH 

CO 

r- 

o 

O 

o 

00 

CM 

in 

in 

tp 

Tp 

CD 

CD 

00 

00 

CO 

00 

rH 

CD 

CD 

co 

TP 

r- 

00 

CO 

TP 

l — 1 

rH 

rH 

rH 

rH 

pH 

rH 

O 

CD 

CM 

co 

<7\ 

O 

00 

CD 

TP 

<7» 

TP 

in 

00 

TP 

CD 

rH 

o 

TP 

TP 

CO 

Q)  <D 

Q) 

g  CO 

1 — 1 

00 

CD 

Tp 

in 

CD 

in 

Is* 

["- 

rH 

rH 

00 

co 

in 

CD 

CO 

TP 

00 

n- 

CM 

CM 

•H  \ 

X 

iH 

rH 

A 

pH 

rH 

pH 

rH 

Eh  CO 

id 

id 

G 

SH 

in 

CM 

rH 

rH 

00 

CD 

TP 

u 

00 

CM 

00 

CM 

in 

1 - 1 

Tp 

00 

CM 

pH 

tr>  0 

p 

G  M 

CO 

co 

CD 

in 

in 

tp 

t" 

CD 

CD 

in 

w 

00 

I"- 

m 

CD 

co 

TP 

r- 

CD 

CO 

C0 

■H  O 

(d 

iH 

r-\ 

id 

pH 

rH 

rH 

pH 

<H  -H 

0) 

Q) 

(D  g 

e 

co 

<T» 

o 

CM 

o 

00 

rH 

CD 

e 

OC 

co 

TP 

t" 

O 

CO 

r~ 

TP 

co 

> 

<d  o 

-p 

tp 

CD 

in 

CO 

TP 

CD 

00 

r-* 

CM 

+j 

CD 

00 

CD 

in 

CO 

TP 

I"' 

CM 

CM 

TP 

G  LO 

0 

rH 

rH 

0 

rH 

rH 

rH 

rH 

Eh  pH 

G 

G 

" — 

co 

CD 

CPi 

rH 

CM 

00 

o 

00 

in 

in 

in 

co 

CD 

o 

co 

CO 

00 

00 

r- 

CD 

tp 

m 

in 

CO 

00 

Tp 

00 

<Ti 

CD 

Tp 

CO 

TP 

r-~ 

00 

rH 

CM 

rH 

rH 

a — 1 

rH 

rH 

pH 

o 

CTC 

00 

00 

rH 

r- 

TP 

TP 

rH 

00 

CD 

CM 

co 

in 

CO 

CD 

o 

r" 

CM 

in 

CD 

tp 

co 

m 

CD 

C" 

co 

in 

CTC 

rH 

CD 

r-~ 

co 

TP 

00 

CM 

CM 

rH 

rH 

rH 

rH 

rH 

pH 

rH 

00 

00 

in 

co 

o 

CD 

o 

o 

co 

O 

00 

CT\ 

o 

t"- 

o 

o 

o 

CM 

tp 

tp 

TP 

Tp 

00 

TP 

00 

C"- 

CD 

in 

CO 

TP 

00 

00 

TP 

in 

rH 

rH 

pH 

rH 

rH 

rH 

CPi 

CM 

CD 

in 

CD 

rH 

TP 

00 

o 

r— 

00 

o\ 

rH 

o 

00 

co 

r-' 

o 

00 

CT> 

CD 

Tp 

tp 

Tp 

r- 

CD 

CO 

TP 

00 

CD 

CD 

Tp 

co 

co 

co 

co 

rH 

rH 

rH 

rH 

rH 

pH 

• 

Xi 

+ 

+ 

+ 

+ 

+ 

l 

l 

i 

i 

1 

+ 

+ 

+ 

+ 

1 

l 

l 

+ 

+ 

+ 

CJ 

^ - N 

PI 

LO 

TP  CO 

CO 

CM 

CD 

in 

in  tp 

TP 

CO 

CO 

CM 

m 

TP  CO 

CO 

CM 

•  \ 

| 

1 

| 

1 

1 

| 

i 

i 

1 

l 

1 

1 

i 

l 

i 

1 

O  H 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

G  0 

rH 

rH 

rH 

rH 

rH 

pH 

rH 

rH 

pH 

rH 

pH 

rH 

pH 

rH 

pH 

rH 

pH 

rH 

0  6 

X 

X 

X 

X 

X 

U 

in 

in 

m 

LO 

m 

m 

f" 

o 

K 

• 

• 

• 

a 

tp 

in 

o 

rH 

w  ? 

V 

» 

. 

• 

. 


TABLE  II  -  Zeta  Potential  vs  BaCl0  Concentration  (cont'd) 


88 


N 

-P 

P 

rtf 

£ 

a 

PQ 


■K 

•K  ^ 

CM 

00 

CM 

CN 

o 

•  > 

• 

a  g 

rH 

rH 

• 

CO 

cn 

ID 

o 

cn 

CN 

cn 

ID 

v  .  > 

• 

^  g 

co 

ID 

00 

00 

ID 

ro 

in 

’ — ' 

00 

C" 

ID 

in 

CO 

CM 

i — 1 

* 

• 

tn—- 
>  O 

in 

00 

1 - 1 

ID 

Ch 

ID 

<C  <u 

CN 

CN 

ro 

ro 

in 

00 

CO 

•  c n 

1 - 1 

Eh  — 

in 

CO 

o 

00 

CO 

ID 

CN 

CN 

ro 

ro 

in 

CT\ 

ID 

rH 

00 

o 

ID 

CN 

o 

o 

CN 

CM 

ro 

ro 

ID 

CTi 

uo 

I — l 

r- 

*H 

ID 

O 

ID 

in 

CN 

CM 

ro 

ro 

ID 

t"~ 

• 

• — 1 

ID 

CM 

in 

CTl 

00 

CN 

CM 

ro 

ro 

in 

00 

ID 

rH 

o 

r- 

rH 

in 

CO 

CN 

vr 

0)  CD 

Q) 

g  cn 

CN 

CM 

ro 

ro 

in 

cn 

m 

rH 

•H  \ 

l — 1 

& 

Eh  W 

rtf 

£ 

in 

00 

CN 

r- 

in 

o 

ID 

P 

tn  0 

£ 

£  P 

CN 

CM 

ro 

ro 

ID 

ao 

in 

•H  O 

rH 

rtf 

rH  -rH 

CD 

<u  g 
> 

rtf  o 

in 

ID 

CN 

r" 

in 

o 

g 

CN 

CN 

ro 

ro 

ID 

00 

rH 

-P 

g 

P  lo 

rH 

0 

o 

Eh  -H 

£ 

\ 

v— * 

CTl 

ID 

O 

o 

-P 

rH 

(N 

CM 

ro 

CO 

in 

o 

o 

0 

rH 

i — 1 

> 

in 

00 

rH 

I"* 

co 

o 

o 

rH 

CN 

CN 

ro 

CO 

ID 

cn 

o 

rH 

•  • 

ID 

00 

1 — 1 

r** 

CN 

rH 

ID 

-p 

£ 

CN 

CM 

ro 

co 

in 

00 

CN 

(D 

rH 

■H 

t 

£ 

CO 

00 

00 

ro 

rtf 

O 

P 

■P 

CN 

CN 

CN 

ro 

in 

r-' 

CO 

0 

-P 

rH 

(tf 

0) 

•H 

• 

tn 

CD 

> 

X3 

1 

1 

I 

l 

i 

I 

i 

l 

rtf 

tn 

a) 

U 

-P 

rtf 

a 

1 — 1 

P 

PI 

in 

in 

ro 

CO 

CN 

0 

0) 

TS 

•  \ 

i 

I 

1 

1 

1 

1 

> 

> 

p 

o  i— 1 

o 

o 

o 

o 

o 

o 

o 

o 

C 

rtf 

£  0 

rH 

i — 1 

l — 1 

rH 

rH 

rH 

rH 

rs 

0  g 

X 

X 

X 

•  • 

0) 

£ 

O  w 

m 

uo 

in 

g 

rtf 

p 

•H 

-P 

o 

rtf 

Eh 

CO 

S3 

• 

g 

04 

o 

<D 

* 

He 

rH 

& 

* 

TABLE  III  -  Zeta  Potential  vs  Na-Oleate  Concentration 


89 


<D 

-P 

•H 

u 

05 

m 

< 


* 

* 

•  > 

00 

CO 

00 

UO 

ID 

CM 

CM 

oo 

in 

CD 

UO 

CD 

CM 

00 

p» 

rH 

uo 

q  g 

• 

• 

• 

• 

• 

• 

rH 

1 — 1 

1 — 1 

CM 

CM 

00 

CM 

rH 

1 — 1 

uo 

CO 

o 

CM 

r» 

o 

r-' 

O 

oo 

oo 

i — 1 

o 

CM 

oo 

o 

00 

p- 

p- 

1 — 1 

.  .  > 

• 

• 

• 

• 

• 

• 

^  g 

i — 1 

O 

00 

CP 

00 

U0 

00 

oo 

00 

00 

CD 

CD 

00 

1 — 1 

00 

00 

oo 

- - ' 

CM 

CM 

1 — 1 

1 - 1 

rH 

CM 

CM 

uo 

CD 

CD 

in 

uo 

UO 

p- 

CP 

CM 

oo 

* 

1 — 1 

rH 

CP'-' 

rH 

LO 

LO 

CM 

00 

CM 

p- 

00 

o 

*3* 

1 — 1 

CO 

00 

CD 

o 

CM 

r-~- 

U0 

>  o 

• 

• 

• 

• 

• 

• 

C  CD 

o 

o 

uo 

uo 

o 

CP 

uo 

p» 

00 

00 

00 

oo 

oo 

00 

CM 

rH 

1 — 1 

•  cn 

i — 1 

rH 

• — 1 

l — 1 

rH 

00 

Eh 

cd 

in 

o 

oo 

o 

uo 

00 

o 

00 

CP 

CD 

CP 

rH 

p~ 

uo 

• 

• 

• 

• 

• 

• 

o 

o 

00 

UO 

o 

CO 

00 

p~ 

00 

CM 

00 

00 

oo 

CM 

CM 

rH 

rH 

1 — 1 

I — 1 

rH 

1 — 1 

rH 

CM 

CM 

ro 

00 

CM 

o 

o 

CD 

oo 

00 

CM 

00 

1 — 1 

uo 

00 

oo 

00 

• 

• 

• 

• 

• 

• 

o 

o 

ID 

■^r 

1 - 1 

00 

CM 

CD 

00 

00 

00 

00 

oo 

CM 

rH 

rH 

1 — 1 

rH 

rH 

1 - 1 

rH 

rH 

o 

CM 

ID 

o 

00 

o 

o 

CM 

00 

oo 

oo 

00 

00 

00 

oo 

CD 

rr 

• 

• 

• 

• 

• 

• 

00 

r — 1 

00 

ID 

o 

CP 

o 

P~ 

00 

00 

00 

00 

oo 

00 

CM 

CM 

rH 

rH 

rH 

rH 

1 - 1 

1 — l 

•'tf 

00 

in 

[■" 

CP 

rH 

o 

CM 

CM 

rH 

CD 

p- 

00 

p* 

o 

CD 

UO 

• 

• 

• 

• 

• 

• 

O 

CP 

ID 

00 

CP 

oo 

00 

00 

00 

00 

00 

00 

00 

CM 

CM 

1 — 1 

1 — 1 

rH 

rH 

rH 

oo 

. — «. 

u 

oo 

ID 

o 

D 

CD 

o 

o 

CD 

oo 

UO 

1 — 1 

p~ 

CD 

CP 

o 

CD 

UO 

CD  CD 

• 

• 

• 

Q) 

• 

• 

• 

CD 

Q) 

g  w 

o 

CP 

oo 

1 - 1 

UO 

CM 

rH 

«H 

1 — 1 

O' 

P~ 

00 

CM 

00 

oo 

00 

00 

CM 

CM 

rH 

«H 

•H  \ 

I — 1 

I — I 

n 

1 - 1 

rH 

i — 1 

rd 

tl 

oo 

Eh  W 

Ctf 

rtf 

rtf 

C 

CD 

o 

00 

u 

CM 

00 

P 

P 

o 

CD 

o 

CP 

CM 

p~ 

I-" 

00 

oo 

CD 

CD 

Cn  0 

• 

• 

• 

p 

• 

• 

• 

P 

P 

• 

c  u 

00 

o 

CM 

w 

uo 

CM 

p~ 

w 

in 

UO 

D 

rr 

CM 

00 

00 

00 

00 

0s) 

CM 

rH 

rH 

•P  o 

rH 

1 - 1 

rtf 

rH 

rH 

rtf 

rtf 

00 

rH  *H 

CD 

CD 

(U 

<1)  g 

CM 

ID 

g 

UO 

UO 

g 

g 

o 

CM 

00 

1 — 1 

CM 

CD 

p- 

O'- 

CM 

CM 

p- 

uo 

> 

• 

• 

• 

• 

• 

• 

• 

rtf  o 

CM 

C P \ 

m 

-P 

CM 

CP 

oo 

-P 

-p 

D 

00 

oo 

00 

00 

00 

00 

oo 

00 

CM 

rH 

rH 

P  LO 

rH 

I — 1 

O 

rH 

0 

0 

00 

Eh  1 

C 

C 

P 

' - ' 

in 

CM 

UO 

CD 

CD 

o 

00 

CD 

o 

rH 

00 

UO 

CP 

o 

CM 

p* 

UO 

• 

• 

• 

• 

• 

• 

O'! 

O 

00 

00 

o 

P* 

oo 

00 

00 

00 

00 

00 

oo 

CM 

rH 

rH 

1 - 1 

rH 

1 - 1 

rH 

CD 

CP 

00 

00 

CD 

CD 

o 

CM 

o 

rH 

CM 

00 

00 

CP 

p' 

00 

• 

• 

• 

• 

• 

• 

o 

o 

uo 

00 

rH 

rH 

r- 

00 

oo 

oo 

CM 

rH 

rH 

rH 

1 — 1 

1 — 1 

rH 

1 - 1 

rH 

CM 

00 

o 

O 

CM 

00 

o 

o 

CM 

uo 

rH 

CM 

00 

p~ 

00 

CD 

CP 

U0 

• 

• 

• 

• 

• 

• 

CP 

o 

ID 

ID 

CP 

OO 

p» 

00 

oo 

00 

oo 

00 

CM 

rH 

r — 1 

1 — 1 

« - 1 

rH 

CM 

ID 

ID 

O 

CM 

00 

O 

CM 

p~ 

<p 

CP 

CP 

00 

00 

CM 

CP 

UO 

• 

• 

• 

• 

• 

• 

CP 

CM 

00 

OO 

o 

00 

CM 

CD 

00 

CM 

oo 

00 

oo 

00 

CM 

rH 

rH 

1 - 1 

1 — 1 

rH 

rH 

00 

• 

Xi 

+ 

+ 

+ 

i 

i 

, 

, 

1 

, 

, 

1 

, 

1 

1 

1 

1 

1 

i 

U 

x — 

PI 

O'- 

D 

in 

00 

CM 

p- 

D 

uo 

00 

CM 

p~ 

CD 

U0 

oo 

CM 

•  \ 

1 

1 

| 

1 

1 

1 

i 

| 

l 

1 

1 

1 

1 

1 

1 

1 

1 

1 

O  rH 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

C  0 

rH 

rH 

i — 1 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

1 - 1 

0  g 

u  — 

o 

UO 

o 

a 

• 

• 

• 

a 

00 

o 

rH 

- 

TABLE  III  -  Zeta  Potential  vs  Na-Oleate  Concentration  (cont’d) 


90 


N 

-P 

5-1 

fd 

3 

a 

CQ 


* 

* 

•  > 

CN 

CO 

00 

00 

cn 

CO 

"3* 

a  g 

•  ^ 

cn 

in 

<T> 

VO 

p» 

CTl 

VO 

CN 

CN 

t .  > 

• 

• 

g 

IN 

'sT 

CN 

VO 

VO 

l — 1 

in 

00 

— ’ 

00 

p- 

00 

<T\ 

o 

rH 

CN 

CN 

rH 

■K 

I — 1 

i — 1 

i“H 

l — 1 

rH 

tn^ 

VO 

00 

VO 

CN 

o 

00 

p- 

p~ 

00 

>  o 

<  (U 

CN 

CN 

CN 

CN 

CN 

1 — 1 

rH 

rH 

1 — 1 

•  cn 

Eh  — 

VO 

00 

CO 

CXi 

<T> 

00 

00 

00 

CN 

CN 

CN 

CN 

I — 1 

1 - 1 

1 — 1 

rH 

rH 

LO 

VO 

in 

o 

CT> 

VO 

p* 

CTl 

CN 

CN 

CN 

CN 

CN 

1 - 1 

1 — 1 

rH 

I - l 

m 

VO 

O 

00 

p* 

VO 

00 

CN 

CN 

CN 

CN 

CN 

1 — 1 

rH 

rH 

1 — 1 

p~ 

<n 

p- 

CO 

CN 

00 

p- 

VO 

00 

CN 

CN 

CN 

CN 

CN 

rH 

rH 

rH 

1 — I 

O 

p- 

CTi 

VO 

O 

00 

<T\ 

m 

00 

0  0 

£  cn 

CN 

CN 

CN 

CN 

CN 

rH 

1 - 1 

rH 

rH 

•H  \ 

Eh  0 

G 

VO 

OV 

CN 

CO 

O'! 

cn 

VO 

VO 

p- 

0 

G  P 

CN 

CN 

CN 

CN 

1 - l 

I — I 

1 - 1 

rH 

I — 1 

•H  O 

r— 1  *H 

0  g 

in 

00 

00 

1 - 1 

rH 

CT\ 

P- 

in 

(Ti 

> 

g 

fd  o 

CN 

CN 

CN 

CN 

CN 

rH 

rH 

i — 1 

1 - 1 

O 

P  U0 

\ 

Eh  -H 

-P 

' - 

VO 

O 

CN 

O 

O 

00 

00 

p~ 

VO 

rH 

0 

CN 

CO 

CN 

CN 

CN 

rH 

rH 

rH 

rH 

> 

o 

O 

in 

1 - 1 

cy\ 

p- 

00 

o 

p- 

• — l 

CN 

CO 

CN 

CN 

1 — 1 

rH 

rH 

CN 

• — l 

-P 

VO 

CTi 

Ch 

00 

p-~ 

P- 

00 

G 

0 

CN 

CN 

CN 

rH 

I — 1 

I — 1 

i — 1 

1 - 1 

1 — 1 

•H 

n 3 

cd 

G 

00 

VO 

CN 

o 

r-' 

00 

CTl 

O'! 

P 

0 

0 

•H 

CN 

CN 

CN 

CN 

CN 

i — 1 

1 — 1 

1 - 1 

rH 

■p 

0 

<d 

tr> 

•H 

• 

fd 

0 

> 

jG 

1 

1 

1 

1 

1 

I 

1 

1 

i 

-P 

tj' 

0 

U 

rH 

cd 

a 

o 

p 

PI 

VO 

in 

in 

CO 

CO 

CN 

> 

0 

T3 

•  \ 

1 

i 

l 

I 

l 

1 

1 

1 

> 

p 

U  rH 

o 

o 

o 

o 

o 

o 

o 

o 

O 

<1 

fd 

G  o 

T - 1 

rH 

rH 

5 - 1 

i — 1 

1 — 1 

1 — 1 

1 - 1 

•  • 

T5 

0  g 

X 

X 

X 

0 

G 

U 

m 

in 

uo 

p 

g 

fd 

cd 

•H 

-P 

o 

g 

Eh 

V) 

ffi 

• 

0 

04 

o 

PS 

* 

* 

i — 1 

* 

- 


91 


APPENDIX  B 

Derivation  of  the  Smoluchowski  Equation 


Consider  a  point  P  at  a  distance  r  from  the  center 
of  the  ion.  The  potential  at  the  point  P  is  related  to  the 
charge  density  p,  the  charge  per  volume,  by  the  Poisson 
equation : 

1  d  ,  odiK  4ttp  „2  .  4ttp  ... 

7  dr  <r  3? - D  or  V  *  =  -  (1) 

where  V  is  Laplace  operator  and  D  is  the  dielectric  constant 
of  the  medium.  If  we  assume  that  the  liquid  undergoes  lami¬ 
nar  flow,  that  its  absolute  viscosity,  p ,  and  dielectric 
constant,  D,  are  uniform  throughout  the  mobile  part  of  the 
double  layer,  and  that  the  thickness  of  the  double  layer  is 
small  compared  to  the  radius  of  curvature  of  the  surface, 
equation  (1)  can  be  changed  to  rectangular  coordinates 
(x,y,z),  where  only  x-component  is  needed  to  be  considered: 


fx+dx 
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When  an  external  field  of  strength  E  is  applied,  each  volume 
element  in  a  layer  of  liquid  of  thickness,  dx,  at  a  distance 
x  from  the  surface,  will  experience  a  force: 

Fa  =  E  •  p  •  dx  (2) 

At  steady  state,  the  side  of  the  layer  at  a  distance  x  from 
the  surface  will  be  retarded  by  a  frictional  force  given  by: 


fx  = 


,dVv 

n  dx  x 


(3) 


where  v  is  the  liquid  velocity;  the  side  at  a  distance 
x  +  dx  from  the  surface  will  be  accelerated  by  a  force: 


x+dx 


_  /dVv 

^  dx  x+dx 


Net  friction  force  on  the  layer  is: 


Fb  = 


_  /dv. 

"  'dx' x+dx 


'dx'  x 


At  steady  state  the  total  force  on  the  layer  is  zero, 
therefore : 

d^  v 

E*p*dx  =  ri  (— — -)  dx 

dx2 


For  the  x-component: 


dx2 


From  equations  (1)  and  (6)  we  obtain: 

ED  d2ij;  _  d^ v 
dx2  dx2 

Integrating  from  shear  plane  to  infinity: 


ED  djb 
4t r  dx 


=  n 


dv 

dx 


+  C 


where  C  is  zero  from  the  boundary  condition  of 

=  o  •  (— )  = 

*  dx  x=  oc  u '  ldxjx=* 


(4) 


(5) 


(6) 


(7) 


(8) 


0. 


- 
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The  second  integration  yields: 


-  -t—  •  \I)  =  n  v  +  C' 

4  tt  r 

From  the  condition  that  at  x  =  66 ,  \p  = 
electrophoretic  velocity) ,  and  at  the 
ip  =  C,  then  equation  (9)  becomes: 


(9) 

0  and  v  =  ve  (the 
shear  plane,  v  =  0  and 


V  = 

e  4irri 


(10) 


or, 


4  7TT1  Ve 
DE 


(ID 


Equation  (11)  is  known  as  the  Smoluchowski  Equation. 
The  Smoluchowski  equation  is  derived  on  the  assumption  of 
laminar  flow  (Particle  Reynolds  Number  <  0.1)  and  constancy 
of  the  viscosity,  rif  and  the  dielectric  constant  D  within 
the  double  layer.  Assumption  of  laminar  flow  is  easily  met 
in  practice.  Experimental  and  theoretical  information  con¬ 
cerning  the  viscosity  and  dielectric  constant  in  the  double 

layer  is  lacking  at  the  present  time.  However,  Liklemav  ' 
(26) 

and  Li '  '  showed  that  the  use  of  the  bulk  values  of  D  and 
r|  can  be  justified  for  low  surface  potentials  and  low  ionic 
strengths.  Since,  Smoluchowski  equation  was  derived  for  a 
mathemetically  plane  surface,  the  ratio  between  particle  size 
and  the  thickness  of  the  electrical  double  layer  must  be 
large  enough  to  justify  the  use  of  this  equation.  In  prac¬ 
tice,  the  size  of  the  particles  range  from  1  ~  3  microns  and 

-2  —3 

the  thickness  of  double  layer  is  usually  close  to  10  ~  10 

microns . 


. 
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On  the  basis  of  the  theoretical  analysis  explained 
above,  it  can  be  concluded  that  the  direct  use  of  the 
Smoluchowski  equation,  without  further  corrections,  is 
justified  for  the  experimental  conditions  used  in  this 
project. 


